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Surface water elevation was not taken into account when the contours were drawn, however the
groundwater contours fare consistent with surface water flow.

Table 1 shows the groundwater elevation measurements for the eleven pre-remedial wells for
which 1980 and 2011 data are available. Groundwater elevations measured in 2011 are higher
than 1980 in all of the wells. The wells that are up-gradient of the pits have risen substantially
(16 to 66 feet) since 1980, while those down-gradient of the pits differed in elevation by about a
half a foot. Overall, the 2011 groundwater contours closely resemble the 1979 contours, where
they overlap in the southwestern portion of the site.

Quarterly groundwater elevation data are available for only six wells over the period 1980 to
1986. These data are graphed as a function of time in Figure 6. Groundwater elevations for the
four wells measured in 2011 are also plotted; M-2 and M-4 were not found during the field
activities and may have been buried during remediation. Groundwater at M-2 (which is/was
located in the South Paguate pit) shows a rapid rebound from 1980 to 1982, and subsequently
levels off for the duration of the monitoring data. M-6, which is located on the northwestern
edge of the South Paguate pit, show a significant drop from 1980 to 1982, then a steady increase
from 1982 to 1986. M-14 shows a pronounced increase in water level from 1980 to 1982, then a
bi-annually-influenced increase from 1982 to 1986. M-16 drops steadily from the 1980 to 1986,
but has increased to over 4 feet above the 1980 level by 2011.

There is very little change in the levels of M-4 and M-10 over the period of measurement;
groundwater elevation at these locations appears to be moderated by some hydrologic process
such as dispersive (lateral) flow. The M-4 cluster of four wells is/was located between, and just
above the confluence of, Rios Paguate and Moquino; it is very likely that levels in these wells
would be directly affected by surface water. M-10, however, is farther away from surface water
sources, on a mesa to the southeast of the South Paguate Pit. The M-10 well is constructed in the
Jackpile Sandstone, which outcrops to the northeast, east, southwest, west, and southeast in the
walls of the mesa. It is possible that groundwater in the vicinity of M-10 is cut off from the main
groundwater system, or moderated by seepage where the Jackpile Sandstone outcrops in the
walls of the mesa.

The 16- to 66-foot increase in the groundwater elevations in the upgradient wells (M-1, -6, -7, -8,
-9, and -14) from 1980 to 2011 is likely attributable to the backfilling of the pits and subsequent
rebound of the water table. The rebound was predicted by Dames and Moore (1983); however,
the estimated rebound times for the North Paguate, South Paguate, and Jackpile pits were
calculated at 30, 150, and 300 years respectively. After 30 years, groundwater in the North
Paguate pit has not reached its predicted equilibrium elevation of 5979 feet above mean sea
level. Groundwater in the South Paguate pit is close to, if not exceeding the predicted
equilibrium elevation of 5982 feet above mean sea level. Groundwater level in the Jackpile pit is
about twenty feet below the predicted equilibrium elevation of 5929 feet above mean sea level.
Dames and Moore’s calculations were based on a draft Site Remedial Plan, and it is unclear how
much of the report recommendations for slowing the flow of groundwater into the North Paguate
pit, not to mention final backfill elevations for the other pits, were included in the final remedial
effort.
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2.5  Surface-Water/Aquifer Interaction

Hydro-Search (1979) used groundwater and surface water elevation data, as well as qualitative
field observations, to conclude that Rios Paguate and Moquino lose water to the Alluvial Aquifer
in the up-gradient areas to a point approximately 1500 feet above their confluence. Below this
point (approximately 5925 feet above mean sea level), the river system receives water from the
Alluvial Aquifer. The USGS (1985) confirmed this observation through its own calculations,
using the same data set. A similar study conducted by Hydro-Search in July 1981, during “a
period of high evapotranspiration,” indicated that the area near the confluence loses water,
suggesting a seasonal variation is the gain/loss of the river through this area. No detailed study
to date has shown whether this is a regular, or seasonal, variation.

Hydrologic models by Dames and Moore (1983) and the USGS (1985) predict that surface water
should be in intimate contact with groundwater. The hydraulic coefficient of the alluvium is 23
feet per day at the confluence of Rios Paguate and Moquino (USGS 1983), and should be even
higher in areas where the alluvium has been replaced by overburden and tailings.

Figure 7 shows the location of a series of geologic cross sections through the Jackpile-Paguate
Mine site. The cross sections are interpreted from boring logs, USGS geologic quadrangles,
descriptions and historical elevations from the various hydrologic reports described above, as
well as groundwater elevations and field measurements taken during the 2011 ESI field event.
Thicknesses of the Jackpile Sandstone and other units are derived from geologic logs, where
available, as well as measurements from USGS geologic quads. The locations of faults and fold
structures in the bedrock are also interpreted from these sources. Geologic logs were not
available for the post-remedial wells, so geologic units are interpolated from data at adjacent
sources, where possible.

2.5.1 1979 Data Cross Sections

Cross sections A-A’ and B-B’ (Figure 8) are compiled entirely from the 1979 (Hydro-Search)
data set and represent the surface water and groundwater conditions measured in March 1979.
The well locations are taken from a figure in the report and are approximate. The wells are
numbered differently from the M-series wells; however, it is possible that some of the 1979 well
set (identified as “Test Well Nos. 1 — 10”) may have been re-named. Some of the 1979 well
locations are close to the locations of M-series wells. The locations and designations are kept
separate in this Conceptual Site Model in order to limit speculation.

Cross section A — A’ shows that groundwater elevations are lower than Rio Paguate in the
vicinity of Test Well #10, but higher that Rio Paguate at point A’. This means that Rio Paguate

is losing water to groundwater in the western half of the cross section, while gaining water from
groundwater in the eastern half.
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Cross section B — B’ similarly shows that Rio Paguate is lower than adjacent groundwater
elevations, hence gaining water where the section crosses the river. Rio Moquino is higher than
nearby groundwater elevations, and is thus, losing water to the aquifer.

For both cases where the stream is shown to be gaining water, there is typically no more than
about 5 feet of difference in elevation between the stream and nearest groundwater. The
observation from the July 1981 measurements that Rios Paguate and Moquino are shown to lose
water during the summer months (Hydro-Search, 1981) would only require modest seasonal
depression of the local aquifer.

2.5.2  Cross Sections Using Current Data

The west-east cross sections are presented in Figures 9 and 10. The four cross sections represent
slices through the geologic material and hydrologic reservoirs of the site. Groundwater elevation
data from 1980 (Hydro-Search 1981) and 2011 (May 2011 ESI event) are plotted in red and blue,
respectively. In the pit areas, 1980 elevations are assumed to be at the base of the pit, or below,
since Anaconda was likely managing water levels in the pits by pumping water to holding ponds
during this period. The 2011 elevations in the pits are represented by measurements taken from
the post-remedial pit wells.

The north-south cross sections are presented in Figures 11 and 12. These cross sections, G-G’,
H-H’, I-I’ and J-J’, were constructed in a similar manner to the west-east cross sections, using
the same references and methods.

The Bushy Basin Member is considered an aquitard in these cross sections; however, several
discontinuous sand lenses have been described in the literature (USGS 1984, Dames and Moore,
1983). Because the unit is generally considered to have a significantly lower hydraulic
conductivity than the Jackpile Sandstone, groundwater contours are not extrapolated into the
Bushy Basin. For example, groundwater is not interpreted to flow from M-13 to MW-6 in cross
section C-C’, or from M-12 to M-26 in cross section D-D’. This means that the Alluvial Aquifer
and the Rio Paguate are possibly out of communication with Jackpile groundwater at M-26, and
certainly by the time surface and groundwater reach MW-6.

Some of these sand layers are water-bearing and resemble the Jackpile Sandstone. Wells MW-5
and M-26 are logged as completed in Jackpile Sandstone, but are most likely completed in one of
these minor sand lenses of the Bushy Basin Member. This becomes obvious when viewed in
cross sections C-C’ (where MW-5 is completed near MW-6) and D-D’; in both cases, the wells
are screened at elevations below where the Jackpile Sandstone is projected on the cross section.

The cross sections show how depressed groundwater conditions in the pits are likely responsible
for the lower groundwater levels measured during the 1980s, and the subsequent rebound is
likely due to the backfilling of the pits. As part of the remedial effort, protore, tailings, and
waste rock were placed in the pits to depths of 30 to 100 feet. Groundwater levels have
infiltrated the backfilled pits by over 40 feet in some areas, which has likely somewhat restored
the hydraulic head in the adjacent Jackpile Sandstone.
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Cross sections C-C’ through J-J’ can be used to assess current groundwater-surface water
interactions. The following cross sections intersect Rio Paguate, from up-gradient to down-
gradient: E-E’, G-G’, H-H’, L,-I’, D-D’, and J-J’ cross Rio Paguate as it flows south. Cross
sections H-H’, F-F’, and E-E’ intersect Rio Moquino as it flows south to meet Rio Paguate.

Cross section E-E’ intersects the Rio Paguate at the URP sampling location. At this point, Rio
Paguate is at a higher elevation than groundwater in the closest well, M-8; it’s not clear whether
surface water can flow to the screened interval at M-8 (Jackpile Sandstone), as there is likely an
aquitard that is up to 50 feet thick above the Jackpile. Surface water at this point likely loses
water to the sandy units of the Mancos Shale (Cretaceous).

Cross section G-G’ crosses Rio Paguate near three wells: 8D, MW-4 and M-23. Rio Paguate
appears to be gaining water at this location, according to the higher groundwater levels in 8D and
MW-4. Interpretation of the 1980 data, however, suggests that depressed groundwater in the
vicinity of the North Paguate Pit means that Rio Paguate was likely losing water to the backfill
of the pit. The implication is that the North Paguate Pit was likely replenished in part from the
surface water reservoir as much, if not more than, the Jackpile Sandstone reservoir.

Cross section H-H’ intersects Rio Paguate to the southeast of the North Paguate Pit.
Groundwater elevations in the adjacent wells are higher than the surface water, suggesting that
Rio Paguate is gaining water through this interval.

Cross section H-H’ also intersects Rio Moquino where it flows into the site along the northern
boundary. At this location, Rio Moquino is approximately 20 feet below the groundwater
elevation measured in MW-RM, which is screened either in the Alluvial Aquifer or a sand unit
of the Mancos. Assuming that groundwater and surface water are connected, then Rio Moquino
should be gaining water at this location.

Cross section F-F’ intersects Rio Moquino in an area at least 3000 feet from the nearest well.
Therefore, no implications for groundwater loss or gain can be made. The river at this point is
mantled by waste piles from the mine, and flows through alluvium that is likely derived in part
(or completely replaced with) waste rock and/or tailings. It is also not clear whether the
alluvium is in contact with the Jackpile Sandstone or Dakota Formation in this section.

Cross section E-E’ intersects Rio Moquino just above the confluence with Rio Paguate. Based
on groundwater elevations from M-4 and M-16, Rio Moquino appears to be gaining water
through this area. Groundwater appears to flow from both the North Paguate Pit to the west, as
well as the Jackpile Pit to the east. This groundwater, as well as any meteoric water falling in
this area, flows through layers of waste rock, tailings, alluvium, and remnant Jackpile Sandstone.

Cross section I-I’ crosses Rio Paguate just below its confluence with Rio Moquino.
Groundwater elevations to the north are higher than Rio Paguate. To the south, M-26 has

groundwater elevations slightly higher than Rio Paguate. It is unclear from the cross section
whether groundwater in the Jackpile to the north communicates with the alluvial groundwater
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around Rio Paguate; the Jackpile is exposed above the river level in this area. M-13 was dry in
1980 through 1982; the field team were unable to acess this well during the 2011 ESI.

Cross section J-J’ intersects Rio Paguate just inside the southern site boundary, near the RP-02
sampling point. Wells MW-2 and MW-6 are screened in the Alluvial Aquifer, which rests
against Bushy Basin bedrock through this area. The wells are far enough from the intersection of
the river to make it difficult to determine from the cross section whether the river is gaining or
losing water; however, the surface water sampling team reported that Rio Paguate was dry at this
location during the 2011 ESI event. It is therefore probably reasonable to state that Rio Paguate
loses water through this interval, at least in the waning stages of the high-flow season.

2.6 Aquifer/Aquifer Interactions

Well testing conducted by the USGS in 1984 provides hydrologic conductivities (K) of the
Alluvial and Jackpile aquifers (USGS 1984). Groundwater from the Jackpile is capable of
flowing into the alluvium and back, depending on the relative hydraulic head of each reservoir.
From a hydrologic standpoint, groundwater is only likely to flow from the Jackpile to the
Alluvial Aquifer (Qal) under conditions where the Jackpile Aquifer (Jmj) is either physically
above the Alluvial Aquifer, or otherwise has a higher hydraulic head. This is because the
hydraulic conductivity of the Jackpile is two orders of magnitude lower than that of the Alluvial
Aquifer (Kjmj = 0.3 feet/day vs. Kqa = 23 feet/day); where in hydrostatic equilibrium, chemical
communication between these water bodies would primarily be by diffusion. This occurs in a
few locations near the confluence of Rios Paguate and Moquino (see cross sections in Figures 7
through 10).

That same 1984 USGS study demonstrated that the Alluvial and Jackpile aquifers are in
hydraulic communication where they are in contact, based on pump tests performed at the M-4
cluster. Pumping on well M-4C, which is screened entirely in the Alluvial Aquifer, had a
measurable drawdown effect on M-4 and M-4A, which are screened in the Jackpile Aquifer.
Water chemistry in MW-4, as described in detail in Section 3 below, is more consistent with the
surface and alluvial water than the Jackpile water.

Based on these studies, as well as the interpreted groundwater elevation data presented in the
cross sections in Figures 7 through 10, it is possible for groundwater to flow from the Jackpile
Sandstone to the Alluvial Aquifer under limited conditions. The rate of flow is limited by the
conductivity of the Jackpile Sandstone and the relative hydraulic head between the two
reservoirs. It is also possible for waters from other sources (Alluvial Aquifer, surface water, pit
water) to flow into the Jackpile Sandstone, and use it as a conduit for migration.

2.7 Hydrologic Conclusions

The hydrologic system of the Jackpile-Paguate Mine Site includes surface water, and
groundwaters of the Jackpile Sandstone, Alluvial Aquifer, and waters of the backfilled Paguate
and Jackpile pits. Hydrologic studies indicate that these reservoirs interact with each other in a
fairly complicated manner based on surface water flow rates and the hydraulic conductivities of
the reservoirs where they are in contact with one another.
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Mining activities have historically lowered groundwater elevations in the upgradient areas of the
site, but not the downgradient areas. = The cessation of mining activities, as well as the
backfilling of the Paguate and Jackpile pits, has caused the groundwater system to rebound. This
rebound was predicted before the pits were backfilled; however, the rate of groundwater rebound
appears to be faster for the South Paguate Pit than anticipated. The models predict that
groundwater accumulating in the pits will flow through the natural (Jackpile and Alluvium)
geologic materials, as well as waste rock and tailings, to flow into the surface water system
(Dames and Moore, 1983).

Geologic cross sections completed through the site indicate that surface water may have flowed
into the North and South Paguate pits, causing groundwater to rebound more quickly than
modeled. Groundwater elevations indicate that groundwater from the North Paguate and
Jackpile pits is flowing into Rio Moquino. Groundwater from the South Paguate Pit appears to
be flowing into Rio Paguate, and water from Rio Paguate (and/or the associated Alluvial
Aquifer) may be flowing into the North Paguate Pit (see Cross Section G-G’, Figure 9).
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3.0 Aqueous Geochemistry

This section examines the water chemistry of the three natural hydrologic reservoirs in the
system: surface water, the Alluvial Aquifer, and the Jackpile Sandstone. These reservoirs co-
mingle in the area of the mine site, where excavation, tunneling, and mounded water in waste-
rock piles provide a place for these waters to temporarily pool and react with these
anthropogenically-altered materials.

The three detailed investigations into the groundwater chemistry at the site include two pre-
remedial studies (Hydro-Search, 1979; 1981), and the post-remedial ROD study (OA Systems,
2007). All of these studies identified two distinct water chemistries across the site; however, the
ROD study lacks critical hydrologic data (e.g. water levels, stream gauging data, etc.). Chemical
data from the ROD vary considerably from year to year, and Quality Assurance/Quality Control
issues brought up in the ROD Assessment call many of these data into question.

3.1 Historical Cation/Anion Data

General cation/anion data from the historical studies are reproduced in Figure 13. As stated
above, surface waters and groundwater from the Alluvial Aquifer fall into a Ca+Mg sulfate-
bicarbonate classification. Groundwater from the Jackpile Aquifer falls into a Na+K sulfate-
carbonate-bicarbonate category (Hydro-Search, 1979; 1981). In spite of minor variations
between the Hydro-Search (1979) and OA Systems (2007) data sets, there is good delineation of
two groundwater populations distinguishing waters of the Jackpile Sandstone and the
Alluvial/Surface water system.

Also included in Figure 13 are water chemistry data from two holding ponds at the site that
existed in the late 1970s. Water in the P-10 holding pond was pumped from the underground
workings located on the southwestern wall of the South Paguate Pit; this water plots with the
Jackpile water chemistry, as expected. Water in the “Rabbit Ear Pond was pumped from the
Jackpile Pit during mining activities; this water plots in the sulfate range, between the down-
gradient Alluvial/Surface water and Jackpile water.

The Alluvial/Surface water chemistry of Rio Paguate tends to increase from a sulfate-bicarbonate
chemistry to predominantly sulfate chemistry as it moves through the site. This may be in part
due to the higher sulfate chemistry, as well as the higher TDS of the Rio Moquino water as the
two reservoirs meet. The analysis of cation/anion chemistry below also suggests that this trend
may be due to the interactions of surface and ground water with mineral materials, including
natural alluvium, efflorescence, mine tailings, protore, and waste rock that occur through this
reach.

In 1981, Hydro-Search performed leachate tests on various materials from the site, including
protore and efflorescence samples collected from the dry portions of the river bottoms, to

determine the effects of groundwater interaction with site materials. The study used water
collected from the P-10 workings as the leaching solvent. The leachate waters were analyzed for

33

350002774



Legend:

Groundwater:
B ROD (OA Systems, 2007)
® Hydro-Search, 1979

Waste Water

O Monitoring Wells (OA Systems, 2007)
NPO P20W = N. Paguate P-20 West
NPO P20E = N. Paguate P-20 East
SPO P35 = S, Paguate P-35
SPO P34 = S. Paguate P-34

O Ponds (Hydro-Search, 1979)

Surface Water:
0 Hydro-Search, 1979

PA = Rio Paguate above confluence

MA = Pio Moquino above confluence

D = Dispersed Gain (below confluence)

RES = Paguate Reservoir (below confluence)

O ROD Monitoring (OA Systems, 2007)
Lake = Surface water diversion NW of Paguate
60 URP = Upper Rio Paguate (above mine)

RE = Rabbit Ear Pond (1975 and 1977) ,5} 14 LRP = Lower Rio Paguate (above confluence)
P = P-10 Pond (1975 and 1977) o % URM = Upper Rio Moquino (above mine)
@ o LRM = Lower Rio Moquino (above confluence)
PM = Paguate - Moquino (below confluence)
40 RT = Railroad Tressle crossing

Fields:

¢ Salt Dissolution Experiments
(Hydro-Search, 1981)
Salt 1 - Surface salt from Rio Paguate above

0 Alluvial Groundwater
and Surface Water confluence.
Salt 2 - Surface salt from Rio Moquino above
confluence.
’ \TGCkpile Groundwater Salt 3 - Surface salt from Rio Paguate below
confluence.

MS 4 - Material washed from ore stockpiles.

-'@", USEPAREGION 6 FIGURE 13 _
655 START -3 Historical Surface and Groundwater Figure
- Chemistry
JACKPILE-PAGUATE URANIUM MINE 1 3
. SR 279 L Puebl
gglll?:)cklfisTl\?,D NMN000607033 PROJECT NO Paguate, Cibola %%Junriy, lIj\l(iewoMexico
: DATE :
TDD: TO-0019-10-11-01 July 2011 20406.012.019.0603.01
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cation/anion chemistry, as well as metals and radiological contaminants. What is interesting is
that the protore leachate is much more similar to the salt leachates than the Jackpile groundwater
(Hydro-Search, 1981).

The ROD data (OA Systems, 2007) include surface water data, as well as groundwater data from
the post-remedial wells. The surface water sampling points stretch out from the lake above the
town of Paguate, through the mine site, and farther south toward the Paguate Reservoir. Most of
the groundwater wells installed along the site (MWs 2, 3, 4, and 6) overlap the downgradient
portion of the surface water field very well. The two fields form a narrow trend extending
toward the sulfate end of the anion spectrum. MWs 1 and 7 plot in the sodium bicarbonate-
sulfate field, and are typical of the Jackpile Aquifer.

The ROD also includes data from wells installed in the backfill of the North and South Paguate
pits. The North Paguate Pit waters plot in the vicinity of the salt leachate experiments from 1981
(Hydro-Search, 1981), as well as the Rabbit Ear Pond water from the 1979 study (Hydro-Search,
1979). The South Paguate Pit waters plot in the field of the Jackpile Sandstone. The implication
here is that the South Paguate Pit is filling primarily with water from the Jackpile, and may not
have been vigorously reacting with the backfill materials. The North Paguate Pit, on the other
hand, may have been either receiving water from the Surface/Alluvial reservoir, and/or reacting
substantially with the backfill material to produce a calcium+magnesium-sulfate groundwater
chemistry.

3.2  ESI Water Chemistry Data

Water chemistry data were generated for groundwater and surface water samples collected
during the 2011 ESI event. Field data, including temperature, specific conductivity, pH,
dissolved oxygen, and oxidation/reduction potential (ORP) were recorded at the time of
sampling. Water samples were submitted to an EPA-approved laboratory for analysis for
cations, anions, TDS, alkalinity, metals, gross alpha, gross beta, isotopic radium, and isotopic
uranium. Water quality results (cations, anions, TDS and alkalinity), along with field
measurements, are presented in Table 3.

The cation/anion data for the 2011 groundwater and surface water sample suites are presented in
Figures 14 and 15, respectively. Most of the surface water data plot generally with the 1979 and
2007 ROD surface water data; however, the downgradient locations are more spread out along
the high-sulfate side of the diagram. The results for MWs 2, 3, and 6 plot in approximately the
same areas as in the 2007 data set; MW-RM also predictably plots with this population. MW-
MD plots very close to surface water sample, MD, in the most sulfate- and sodium-dominated
chemistry of the Alluvial/Surface Water system. The water chemistry of MW-4 appears to have
shifted significantly toward the sulfate end of the spectrum in the 2011 data set.

MWs 1, 7 and 8 plot in the sodium+potassium, bicarbonate-sulfate field that is consistent with
the Jackpile Aquifer. The water chemistry of MW-1 has shifted significantly toward the calcium

+ magnesium + sulfate end of the spectrum; this suggests that groundwater at this location may
be influenced by alluvial or pit waters.
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Legend:
2011 EST Groundwater Data:
@ Wellinstalled in pit backfill

O Well installed on, or down-gradient
of site
@ Wellinstalled up-gradient of site.

Historical Data Fields:

(from data presented in Figure 13)
0 Alluvial Groundwater
and Surface Water
’ Jackpile Groundwater
O Dissolved Salts

"o, USEPA REGION 6 FIGURE 14 )
‘A2 START-3 2011 ES| Groundwater Figure
- Chemistry
JACKPILE-PAGUATE URANIUM MINE 1 4
CERCLIS ID: NMN000607033 e Paguate, Cibols Couny, New Mexico
. DATE -
TDD: TO-0019-10-11-01 July 2011 20406.012.019.0603.01
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Legend:

Surface Water:

v R. Paguate above site

A R. Moquino above site
v R. Paguate above confluence
A R. Moquino above confluence

v R. Paguate below confluence

Historical Data Fields:

(from data presented in Figure 13)
0 Alluvial Groundwater
and Surface Water
’ Jackpile Groundwater
O Dissolved Salts

AVATAA /N

BGWAY M-Q

80 6 < 4
Ca
"o, USEPA REGION 6 FIGURE 15 )
‘A2 START-3 2011 ES| Groundwater Figure
- Chemistry
JACKPILE-PAGUATE URANIUM MINE 1 5
CERCLIS ID: NMN000607033 e Paguate, Cibols Couny, New Mexico
. DATE -

TDD: TO-0019-10-11-01 July 2011 20406.012.019.0603.01
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The 2011 ESI data also include water samples from three of the wells installed in the backfilled
pits: one each from the North Paguate, South Paguate, and Jackpile pits. In general, the pit
waters plot along the same fanning trend observed at the sulfate end of the Alluvial/Surface
Water data array. The Jackpile pit water sample plots at the far, magnesium + calcium range of
this fanning trend, and the Paguate pit waters plot approximately where the Rabbit Ear Pond
water plot. What is most surprising about the 2011 data is that SP-OP-35 (South Paguate Open
Pit No 35) now plots with the Alluvial/Surface Water trend, where it plotted with the Jackpile
trend in the 2007 data set.

The salt and protore leachate sample results lie along the far sulfate end of the Piper diagrams,
spread out over a range of calcium + magnesium to sodium + potassium cation chemistries. It
appears that the evolutionary trend for water chemistries in both the Jackpile Aquifer and
Alluvial/Surface Water systems is toward this composition. It is highly likely that water
reactions with mineral materials, including natural alluvium, efflorescence, waste rock, tailings
and protore materials in the backfill and waste piles, are responsible for this shift in chemistry as
the water system progresses down-gradient.

Figure 16 shows the 1979, 1981, 2007 ROD, and 2011 ESI anion/cation data plotted as three
separate time slices. Noting the lack of complete coverage in the 1979 data (as well as the
differences in quality assurance issues with the various data sets), there appears to be a temporal
trend of the surface- and groundwater system toward the “leachate” end-member. The most
substantial change in water chemistry is observed in the South Paguate Pit, and the pit water
chemistry is close to the theoretical, “leachate” endmember (as well as pond waters extracted
from the historical workings). While not definitive, the data suggest that the groundwater and
surface water chemistry under, and down-gradient of, the site is shifting toward a highly sulfate
chemistry, and the cause of this may be chemical reactions taking place between groundwater
rebounding into the backfilled pits and mine wastes encountered by the rebounding groundwater.

The finding is preliminary, as it is based on three slices through the data set. It will likely take
multiple quarters of sampling to determine whether this apparent trend is actually a long-term
geochemical trend, a seasonal variation, or an anomaly in the data. If this is actually happening,
however, then there could be significant, long-term consequences for the lower Rio Paguate.

3.3 Uranium in Surface and Ground Water

The historical uranium data show that uranium concentrations increase in both surface water and
groundwater across the site. This is apparent in multiple data sets collected from 1979 to the
present (Hydro-Search, 1979, Anaconda, 1983; 1985; 1986; OA Systems, 2007; Weston 2010,
this report). Table 4 shows a summary of historical uranium data collected at the site from
surface water and groundwater locations from the period 1979 to the present. In every case, on-
site and down-gradient sampling locations have uranium concentrations that are higher than
background, and significantly greater (greater two standard deviations above the mean of
background) in most cases for both surface water and groundwater.
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It’s curious to note how many different groundwater well sets have been used at various times,
especially during the period 1979 through 1986. START-3 could find no reports describing the
installation or abandonment of these wells, nor any information about what decisions lead to the
installation of new wells.

Radiological results from the 2011 ESI are presented in Table 5 below. Results from the ESI are
also presented spatially in Figure 17. Analyses include isotopic uranium, thorium, radium, gross
alpha, and gross beta.

In the groundwater samples, radionuclides are significantly above background in many of the on-
site and downgradient wells. The background wells include MW-RM, MW-1, MW-7, and MW-
8. Total uranium (the sum of the activities of the isotopic species) activity in the background
wells ranges from 4.3 to 42.4 pico-Curies per liter (pCi/L), and 33.8 to 231.7 pCi/L in the on-site
and down-gradient wells. Total uranium activities in the pit wells ranges from 24,240 to 249,515
pCi/L. Gross alpha and beta, and isotopic radium activities are also significantly elevated in the
pit waters with respect to background.

In the surface water samples, radionuclides are significantly above background in water samples
collected at all of the on-site and downgradient locations, except from the Mesita Diversion. The
background locations include RP- BG and RM- BG, which were collected in Rios Paguate and
Moquino, respectively, above the site boundary. Total uranium (the sum of the activities of the
isotopic species) activity in the background locations are reported at 10.2 to 6.4 pCi/L. Total
uranium activites in the on-site and downgradient surface water samples range from 32.6 to
167.1 pCi/L in the five down-gradient samples that are significantly above background. The
sample collected at the Mesita Diversion has a total uranium activity of 7.9 pCi/L.

3.4 Uranium in Surface Water Sediments

Sediment samples were collected at each of the surface water sampling locations during the 2011
ESI event. Uranium was not detected at significantly high concentrations in sediments collected
during the 2010 SI event. For the 2011 ESI, START-3 collected efflorescent sediment samples
(as opposed to clastic sediments) because it was considered that uranium oxide species might be
transported almost entirely as dissolved load in the surface water and groundwater system.

Uranium exists as a complex, organo-oxide cement in the +4 valence state in the Jackpile
Sandstone (Owen, et al., 1983). Uranium oxides in the +4 valence state are generally insoluble
and remain in solid form. Uranium deposition occurs when uranium-bearing fluids encounter,
and react with, organic material in the formation; the reducing environment causes the
conversion from a +6 to a +4 valence state, and precipitates uranium oxide minerals. The
weathering environment is oxidizing and promotes the conversion from a +4 to a +6 valence
state, which is soluble (Park and MacDiramid, 1975). Erosion of the Jackpile Sandstone yields
resistant sand grains (mostly quartz and potassium feldspar) while the cement, including the
uranium oxide mineralization, is dissolved.
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Evaporation rates in the surface water environment in the area of the site are very high, and
dissolved uranium oxides would be expected to precipitate along with the rest of the dissolved
load during the evaporation process. The most likely sediment fraction where uranium oxides
would be found, then, would be the precipitated salts, or efflorescents, in the surface water
environment. In 1981, Hydro-Search collected three salt samples in the vicinity of the confluence
of Rios Paguate and Moquino. The results of laboratory analysis of these salts indicate
measurable concentrations of uranium, from 0.54 to 1.89 mg/kg.

In the surface sediment samples collected during the 2011 ESI event, total uranium activities in
all on-site and downgradient samples are higher than the activities measured in background
samples collected above the site. Total uranium activities for three samples are significantly
above background. Total thorium activities for these three samples are also significantly above
background.

3.5 Dissolved Oxygen and Oxydation-Reduction Potential

Field measurements for dissolved oxygen and ORP for surface water and groundwater samples
are presented in Table 3. Dissolved oxygen in surface water samples ranges from 7.5 to 11.3
ppm, and 2.9 to 12.1 ppm in groundwater samples. ORP values in surface water range from -
149.8 to 133.3 millivolts (mV); ORP in groundwater ranges from -23.5 to 133.6 mV.

Dissolved oxygen in the three background wells installed in the Jackpile Sandstone (MWs 1, 7,
and 8) are the lowest in the study group, ranging from 2.9 to 5.6 ppm; ORP values in these wells
range from 71 to 133.6 mV. Dissolved oxygen in the background well, MW-RM, is measured at
10.8 ppm, and ORP at this well is measured at 111 mV. The dissolved oxygen range measured
in the on-site and down-gradient wells is between 8.1 and 12.8 ppm, and the ORP range is
between -23.5 and 115.8 mV. The dissolved oxygen range measured in the pit wells is between
7.7 and 12.0 ppm, and the ORP values range between 45.4 and 117.3.

Table 6 shows the calculated oxidation-reduction conditions of the groundwater and surface
water samples from the site. The calculations were performed in accordance with the USGS
Open File Report 2009-1004, An Excel® Workbook for Identifying Redox Processes in Ground
Water (USGS, 2009), and calculated following the guidance presented in the associated
workbook. The calculations utilize dissolved oxygen values measured in the field, along with
the laboratory results of laboratory analysis for nitrate (NO3), manganese (Mn), iron (Fe), and
sulfate (SO4) for each sample.

The results for the groundwater analyses indicate mostly oxic conditions for background and on-
site wells. The analysis shows mixed oxic-anoxic waters for the pit waters, as well as
groundwater at MW-2 and MW-MD.
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Table 6: Reduction-Oxidation Calculations based on USGS 2009.

Sample ID 02 NO3- Mn2+  [Fe2+ SO42- |Redox Assignment
General Redox

mg/l |mg/l mg/l mg/l mg/l Category Redox Process
MW-1 3.72 2.4] 0.00043| 0.0106 1190|Oxic 02
MW-2 12.8 0.115 0.275 1.15 2460(Mixed(oxic-anoxic) [O2-Fe(Il)/SO4
MW-3 10.03 0.115] 0.00043| 0.0106 381|Oxic 02
MW-4 8.12 0.115] 0.0324| 0.0106 1560|Oxic 02
MW-6 9.81 0.115] 0.0193| 0.0924 1650|Oxic 02
MW-7 2.94 0.115] 0.00043| 0.0174 106|Oxic 02
MW-8 5.64 0.115] 0.00043| 0.0239 350|Oxic 02
MW-MD 12.15 0.115 0.654 1.45 3790|Mixed(oxic-anoxic) |[O2-Fe(Ill)/SO4
MW-RM 10.84 0.115] 0.00043| 0.0106 454]0xic 02
NPOP20E 7.7 0.115 4.633 3.18 3580|Mixed(oxic-anoxic) [O2-Fe(Il)/SO4
SPOP35 7.73 0.115 0.186| 0.0504 5500|Mixed(oxic-anoxic) |O2-Mn(IV)
JPOP41S 12.05 54.4 2.84 0.0106 3140{Mixed(oxic-anoxic) |02-Mn(IV)
MD-SW 10.05 0.115 0.151] 0.0106 2050|Mixed(oxic-anoxic) [02-Mn(IV)
PR-SW-01 11.13 0.115 0.97( 0.269 5330|Mixed(oxic-anoxic) |O2-Fe(Il1)/SO4
RM-IM-SW 9.53 0.115] 0.0131] 0.0106 1920]|Oxic 02
RM-SW-BG 7.8 0.115] 0.00043| 0.0106 877|Oxic 02
RP-JM-SW-01| 7.96 0.115] 0.0348| 0.0106 1040|Oxic 02
RP-JM-SW 7.81 0.115] 0.0374| 0.0106 642|0xic 02
RP-SW-01 7 0.115] 0.0424| 0.0106 1640|Oxic 02
RP-SW-BG 7 0.115 0.641] 0.0106 146|Mixed(oxic-anoxic) |02-Mn(IV)

The calculations were performed in accordance with the USGS Open File Report 2009-1004, An Excel® Workbook for Identifying Redox Processes
in Ground Water (USGS, 2009).

02 = dissolved oxygen as O2.

NO3- = dissolved nitrate as nitrogen.

MN2+ = dissolved manganese calculated as 2+ valence.

Fe2+ = dissolved iron calculated as 2+ valence.

S042- = sulfate 2- ion.
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As stated above, oxidation state plays a critical role in uranium mobility in the hydrologic
system. Pre-remedial contaminant modeling conducted by Dames and Moore (1983) relied on
the assumption that conditions in the pits would stabilize in the anoxic range within a few years
so that uranium oxides would stay in the pits. The dissolved oxygen concentrations in the pit
waters, not to mention uranium activities four orders of magnitude higher than background,
indicate that oxidation reactions are occurring in the pit waters.

Oxidation reactions are also likely occurring where groundwater flows through the 300+ million
tons of waste rock re-deposited at the site that are not in the backfilled pits. Much of this
material is mapped as being piled along the sides of the pits and Rios Paguate and Moquino;
however, there is evidence that the rivers were routinely diverted during mining activities. As a
result, much of the original alluvium through the site was excavated in an effort to access the
Jackpile Sandstone, and replaced with waste rock (Contact Report #1). This means that the
Alluvial Aquifer at the site is flowing through a host material that is at least partially, if not
entirely, Jackpile-Paguate waste rock.
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4.0 Conceptual Site Model Discussion

4.1 Hydrology

Historical hydrologic data establish that there is hydrologic communication between surface
water and both natural groundwater reservoirs (Alluvial and Jackpile) at the site. This
observation is based on groundwater and surface water elevation data (Hydro-Search 1979;
1981), aquifer pump tests (USGS, 1983), and hydrologic modeling (Dames and Moore, 1983).
Cross sections using historical and recent hydrologic data also support this observation.

The hydrologic models also predict hydrologic communication between backfilled pits and the
surface water — groundwater system. Groundwater is predicted to flow from the North Paguate
and Jackpile pits into the Alluvial Aquifer, then into the Rio Paguate. Groundwater from the
South Paguate Pit is predicted to flow into the Jackpile Sandstone and the Alluvial Aquifer, with
some fraction reaching Rio Paguate. This prediction is bolstered by the fact that groundwater
levels in several of the wells near the pits have increased up to 66 feet in the last 30 years. The
rebound of the water table is due partially to the fact that mining activities, specifically pumping
of water from the pit areas, ceased in 1982. Cross sections drawn through the pits illustrate the
relationship between the excavated and backfilled pit conditions with respect to the most
dramatically affected wells.

The rate of rebound in the pits appears to be much faster than the Dames and Moore (1983)
model predicted. This may be in part due to inherent problems with the 2-dimentional model
used, or that the assumption that the primary source for rebounding water would be from the
Jackpile Sandstone, not the Alluvial Aquifer. The cross sections generated in this report indicate
that the North Paguate Pit was likely receiving water from Rio Paguate during the period of
rebound (see Cross Section G-G’). The geochemistry of the North Paguate Pit water closely
resembles the alluvial/surface water chemistry, both from the 2007 ROD data (OA Systems,
2007) and this report.

4.2 Geochemistry

The historical geochemical data show two populations of natural waters at the site. The surface
water and Alluvial Aquifer exhibit a calcium + magnesium — bicarbonate + sulfate chemistry that
trends toward sulfate anions as the water system moves downgradient. This is somewhat
correlated with the increase in TDS (Hydro-Search, 1981), and the theoretical endmember
closely resembles the leachate solutions derived from efflorescent sediments and protore from
the site (Hydro-Search, 1981). The shift in chemistry observed in the alluvial/surface water
system may be a result of interactions with mineral materials, including re-mobilized efflorescent
sediments, alluvium, mine tailings, waste rock, and/or protore.

The Jackpile Aquifer exhibits a sodium + potassium — bicarbonate + sulfate chemistry that is
very distinct from the rest of the water system. A few outlier groundwater wells (such as Test
Well # 11 from the Hydro-Search, 1979 data set) appear to exhibit mixing with the down-
gradient alluvial/surface water endmember. From the 2011 data set, groundwater at MW-1
appears to have drifted from definitively Jackpile chemistry in 2007 toward the down-gradient
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alluvial/surface water endmember. This may either reflect some kind of cyclic process that has
not yet been identified in the system, or it may reflect a growing chemical influence on the local
aquifer.

The pit waters have historically resembled either down-gradient alluvial/surface water (North
Paguate Pit, Rabbit Ear Ponds), or Jackpile water (P-10, South Paguate Pit). The new data from
the 2011 data set show that the pit waters now all resemble the down-gradient alluvial/surface
water endmember, which, as stated above, closely resembles the analyses of solutions derived
from the leaching of efflorescent sediments and protore from the site. While not definitive, it
seems likely that oxidation reactions in the pit waters (as well as other groundwater in direct
contact with waste rock) are the likely culprit for this trend in water chemistry. Cursory
inspection of the historical and recent data suggests that this trend may also be occurring in the
local surface and groundwater systems outside of the pits; However, more detailed study is
needed to determine if this is correct and to identify the cause.

4.3  Uranium Mobilization and Transport

Oxidation reactions between water and waste rock are occurring in the backfilled pits. This is
evident not only from direct oxygen and ORP measurements of the pit waters, but from water
analyses that show uranium activities that are four orders of magnitude higher than background
concentrations in surface water and groundwater above the site.  Dissolved oxygen
measurements in the pit waters are among the highest recorded at the site, indicating that the pit
waters are communicating with atmospheric oxygen. Oxidation-reduction modeling of the pit
water samples indicates a co-mingling of waters from oxidizing and reducing conditions, which
may indicate some kind of stratification in the pits.

The hydrologic connectivity between the pits and the surface water — groundwater system
indicates that contaminants in the pits can migrate into the surface water system. Results from
the 2011 ESI indicate that uranium activity increases in all surface water, groundwater, and
surface sediment samples as sample locations progress down-gradient through the site. Uranium
activity is significantly greater than background in two down-gradient monitoring wells, five
down-gradient surface water locations, and three down-gradient sediment locations. This
increase in surface water and groundwater contamination has been consistent for every data set
collected at the site since 1979 (Hydro-Search, 1979; 1981; Anaconda, 1983; 1985; 1986; OA
Systems, 2007; Weston, 2010).

Contamination appears to be leached from the mine waste materials that have been piled along
the river systems, used to replace the natural alluvium in places where the river was diverted for
the sake of mining, and backfilled into the three main mining pits at the site. Leaching of
uranium oxides in the mine wastes is facilitated by the saturation with oxygenated water and the
increased surface area of the mineral material due to blasting, crushing, and milling.
Contaminants migrate in the dissolved load of groundwater, and they may be dissolved and re-
deposited several times due to the high evaporation rates in the vadose zone and in the subaerial
environment.
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4.4 Natural Sources

The question then becomes whether or not the uranium contamination observed in the surface
water, groundwater, and surface sediments is derived from a natural source. While it is probably
not possible to rule out a natural source for the entire increase in uranium activity in surface
water and groundwater through the site, it is possible to demonstrate that a majority of the
contamination is derived from mining activities.

Possible natural sources might include groundwater from the Jackpile Aquifer, naturally exposed
surfaces of the Jackpile Sandstone, weathered detritus of Jackpile Sandstone co-mingled with the
pre-mining Alluvium, and efflorescent sediments that were deposited by evaporation with the
Alluvium during the pre-mining era.

4.4.1 Jackpile Groundwater as a Natural Source of Uranium

Based on historical groundwater sampling data, Jackpile groundwater is an unlikely source of
natural uranium contamination. Groundwater monitoring wells located up-gradient of the site,
and screened in the Jackpile Aquifer, consistently yield low uranium concentrations and/or
activities with respect to down-gradient surface water and groundwater sampling locations (see
Table 4 and associated references therein). Field measurements taken during the 2011 ESI
indicate that three background wells installed in the Jackpile Aquifer have the lowest dissolved
oxygen concentrations of the entire data set. In addition, uranium oxide deposition is known to
be intimately associated with concentrations of organic material, especially in the upper portions
of the Jackpile Sandstone (Owen, et al., 1984); this organic material may provide additional
protection of uranium oxides in the undisturbed form. Regardless, uranium oxides do not appear
to be significantly mobile in the Jackpile Aquifer above the site.

4.4.2 Jackpile Outcrops as a Natural Source of Uranium

Exposed surfaces of the Jackpile Sandstone are a probable natural source of uranium into the
surface water system. Physical and chemical weathering of the Jackpile Sandstone would
liberate the uranium oxides, which would then enter the surface water system when exposed to
meteoric water. This process would probably occur slowly, and the area of activity would be
limited to the naturally exposed wall and some reaction depth into the outcrop. Such exposed
surfaces are the likely source of the radiation signature that drew mining interests to the area in
the first place (Owen, et al., 1984).

There are natural Jackpile Sandstone surfaces exposed in the walls of Oak Canyon and a few
other isolated locations along the mesa walls, but most of these exposures have been altered by
mining activities within this watershed. @ The Anaconda Mineral Company disturbed
approximately 356 million tons of rock, and exposed over 2 square miles of Jackpile Sandstone
surface in this watershed. Much of this has occurred where the Jackpile Sandstone is intersected
by Rios Paguate and Moquino. The proportional contribution of this increased, anthropogenic
exposure, including the increased surface area of the waste rock, protore, and tailings piles, is
expected to be overwhelmingly higher than from the exposed natural surfaces.
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4.4.3 Weathered Jackpile Detritus as a Natural Source of Uranium

Weathered Jackpile Sandstone is an unlikely source of significant quantities of uranium in the
surface water system. The weathering process would include physical ablation of the sandstone
and fairly rapid chemical leaching of the uranium oxide cements into the surface water system.
The Jackpile Sandstone is also very friable, so coherent sandstone fragments are not likely to
survive more than a few hundred feet of transport. It is therefore unlikely that any remnant
Jackpile Sandstone clasts would survive in sufficient quantities to provide a source in the
Alluvium capable of affecting surface water and/or groundwater chemistries. Added to this is
the fact that any place where such deposits might have existed would have been deposited in the
Alluvium very near where the strike of the Jackpile Sandstone is cut by the Rios Paguate and
Moquino systems. Since this is where mining activities were focused, any significant
accumulations of deposits would have been scraped out by Anaconda during mining operations
and replaced with waste rock.

4.4.4 Efflorescent Deposits as a Natural Source of Uranium

Efflorescent deposits are the precipitated salts formed as a result of the evaporation of surface
and vadose water that contains a high dissolved sediment load. The TDS for surface waters
collected near the site during the 2011 ESI range from 420 to 3,860 mg/l, and the TDS for
groundwater samples collected at the site during the same event range from 515 to 3,500 mg/I
(up to 6,370 mg/l in the Jackpile Pit water). Under oxidizing conditions (subaerial and oxic
groundwater conditions and pH in the normal range), uranium oxides are very soluble, and will
only precipitate under evaporitic conditions, which occur during periods of low flow. During
periods of high-water flow, these deposits are quickly re-dissolved and mobilized. Qualitative
evidence of this may be found in that sediment cores collected during the 2010 SI did not yield
significantly elevated uranium concentrations, but the targeted surface sampling during the 2011
ESI did find significantly elevated uranium activities. Soluble minerals can be transported
downstream in multiple iterations of dissolution and precipitation. Because of the high solubility
of these deposits, they are ephemeral and tend to be washed out during periods of high rain/
water flow.

For the efflorescent sediments collected during the 2011 ESI, uranium activities are significantly
elevated with respect to background in samples collected at three locations. These are all surface
samples, and therefore unlikely to have survived 60 years of seasonal flooding.

The highest activity in sediment (RM-JM = 11.9 picoCuries per kilogram) is reported at a
location where much of the natural alluvium has been co-mingled with, or replaced with waste
rock from mining activities. The uranium in these sediments represents new, post-mining
deposition, not residual, natural efflorescence from the weathering of Jackpile Sandstone during
pre-mining activities.

It should also be noted that the uranium activities in the sediments are commonly an order of
magnitude lower than the uranium activities in the co-located water sediments, which makes it

very difficult to make the argument that these sediments are responsible for the observed
uranium activities in the surface water and groundwater systems.
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It is not possible to completely rule out the existence of residual, pre-mining-era efflorescent
sediments in the alluvial/surface water system, but their vulnerability to dissolution during high-
water events makes their survivability in any substantial volume that is capable of producing the
concentrations of uranium in an active fluvial system unlikely.
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5.0 Conclusions

The Jackpile-Paguate site operated as a uranium mine from the period 1953 to 1982. During
mining activities, 356 million tons of material were disturbed, and 22 million tons of ore were
removed from the site. The property on which the former uranium mine is located encompasses
approximately 7,868 acres. Approximately 2,656 acres of this property were disturbed by
mining operations and contained three open pits that were between 200 and 300 feet deep; 32
waste dumps; and 23 protore stockpiles.

Reclamation efforts began with the Anaconda Minerals Company and reverted to the Pueblo of
Laguna Tribe in 1985. Reclamation efforts included backfilling the excavation pits with tailings,
waste rock, and protore, as well as grading and capping various waste materials. Post-
reclamation monitoring efforts included surface water and groundwater sampling efforts.

The START-3 conducted a review of hydrologic and geochemical data files available from BLM
and the Pueblo of Laguna and conducted an ESI sampling event at the site in May 2011 on
behalf of EPA Region 6 at the site. The ESI sampling included the collection of groundwater,
surface water, and surface sediments that were submitted to an EPA-approved laboratory for
general water quality analyses (metals, anions, TDS), as well as radionuclides. Field water
quality measurements, including pH, temperature, specific conductivity, dissolved oxygen, and
Oxidation-Reduction Potential, were collected at the time each sample was collected.
groundwater elevation measurements were also collected from a wider suite of wells to gain a
better understanding of the overall groundwater system.

Based on data culled from several hydrologic studies from 1979 to the present, as well as the
results of the 2011 ESI, the groundwater and surface water systems of the site may be described
as follows:

e Hydrologic data indicate that both surface water and groundwater flow from east-
northeast to west-southwest in the western half of the study area, and from north to south
in the eastern half of the study area.

e General cation/anion chemistry identifies two distinct populations of water — one is a Na
+ K — bicarbonate-sulfate water that is associated with the Jackpile Sandstone, and the
other is a Ca + Mg — carbonate-bicarbonate-sulfate water associated with the Alluvial
Aquifer and surface water systems. Strong similarities between the surface water and
alluvial groundwater strongly suggest that these populations are in intimate contact across
the site.

e Uranium concentrations/activities increase with respect to background in both
groundwater and surface water across the site. This is demonstrated in the results of the
2011 ESI sampling event, as well as at least four studies involving surface water (Hydro-
Search 1979; 1981; OA Systems, 2007, Weston 2010, Laguna 2010), and two studies
involving groundwater (Hydro-Search 1979; 1981; OA Systems, 2007).
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e Groundwater, surface water, and sediment samples collected on-site and downgradient of
the site have uranium activities that are significantly elevated with respect to background
above the site.

Historical data establish that there is hydrologic communication between surface water and both
natural groundwater reservoirs (Alluvial and Jackpile) at the site. This observation is based on
groundwater and surface water elevation data, aquifer pump tests, and hydrologic modeling.
Cross sections using historical and recent hydrologic data from the 2011 ESI event also support
this observation.

Field measurements and laboratory analysis of the groundwater in the Jackpile, North Paguate,
and South Paguate pits indicate that chemical reactions are occurring in the backfill that mobilize
uranium in very high concentrations (four to five orders of magnitude higher than background
surface or groundwater). Groundwater in the pits appears to be rebounding at a rate much higher
than pre-remedial modeling predicted; groundwater in the South Paguate Pit has already
rebounded 10 feet above the elevation it was projected to reach after 150 years (Dames and
Moore, 1983). Hydrologic observations and modeling indicate that these pit waters are not
contained and will flow into the surface water system via groundwater pathways, carrying
contaminants into that system.

The primary source of uranium in surface and groundwater on-site, and down-gradient of, the
Jackpile-Paguate Mine Site is thought to be the approximately 356 million tons of waste rock,
tailings, and protore at the site that are in intimate contact with the surface water and
groundwater system. While natural sources cannot be completely ruled out, existing data have
yet to identify a source with the volume and contaminant concentration capable of producing the
observed impact to surface water and groundwater system.

Chemical data also suggest that reactions in the backfilled pits, and subsequent migration to
groundwater, may be shifting the chemistry of surface water at, and below the site. The actual
extent to which that is happening would require a more detailed analysis of the existing historical
data, as well as a more coordinated synthesis of the surface water and groundwater data being
collected at the site.
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The Jackpile Sandstone Member of the
Morrison Formation in west-central New Mexico—

a formal definition

by Donald E. Owen, Gonsulting Geologist, Tulsa, OK 74152, and Lester J. Walters, Jr. and Ronald G. Beck, ARCO Oil and Gas Co., Dallas, TX 75221

The Jackpile Sandstone Member of the
Morrison Formation (Upper Jurassic) in west-
central New Mexico is named here formally
from a stratotype near the Jackpile-Paguate

uranium mine. The Jackpile Sandstone is
typically a whitish, crossbedded subarkose
with clay matrix and interbedded, varie-
gated, pale-green to red, bentonitic mud-
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stone lenses. Contacts with the underlying
Brushy Basin Member of the Morrison For-
mation may be gradational, scoured, or
interbedded. The Jackpile extends only a
short distance south of the stratotype due
to truncation along the basal Dakota un-
conformity. However, it extends northeast
to Lamy, north to near Cuba, and a short
distance west and a longer distance north-
west into the subsurface of the San Juan
Basin. Thickness of the Jackpile ranges from
near zero to 300 ft (91 m); at the stratotype
it is 100 ft (30 m) thick. Crossbedding in-
dicates a regional easterly paleocurrent-flow
direction for the braided-stream and distal
alluvial-fan complexes in which the Jackpile
was deposited. Source areas were to the
west and southwest, south of Gallup, and
in the Mogollon Highlands.

Introduction

The Jackpile sandstone of economic usage
has been employed informally in strati-
graphic nomenclature for a distinctive bed
in the uppermost part of the Brushy Basin
Member of the Morrison Formation in west-
central New Mexico since the Jackpile ura-
nium body was discovered in that bed dur-
ing 1951. The stratigraphic name Jackpile has

s
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San Juan Basin p. 56
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Fossil rock glaciers on Carrizo Mountain
Adobe as a building material
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FIGURE 1—Geologic index map of the stratotype area of the Jackpile Sandstone Member (Morrison
Formation). Note location of surface measured section illustrated in Fig. 2 and subsurface reference
section (DDH 2664) illustrated in Fig. 3. LE is the location of an additional measured section. The map
has been simplified and modified from Schlee and Moench (1963b); small igneous dikes and sills have
been omitted.
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appeared in many publications in various
forms since its first published use by Free-
man and Hilpert (1956). The Jackpile sand-
stone appears on many geologic maps (e.g.,
Schlee and Moench, 1963a, b), in many gov-
ernment reports (e.g., Moench and Schlee,
1967; Santos, 1975), and in several correla-
tion diagrams (e.g., Owen and Siemers, 1977;
Maxwell, 1982). In spite of its use, the Jack-
pile sandstone has never been named for-
mally. Nash (1968, p. 738) used the term
Jackpile “. . . as if a Morrison member.” The
late Gary Flesch suggested that the Jackpile
should be a formal member of the Morrison
Formation and established two reference
sections for it, but he did not actually for-
malize it (Flesch, 1974; 1975).

The purposes of this paper are to designate
the Jackpile Sandstone Member of the Mor-
rison Formation as a formal stratigraphic unit
meeting the requirements of the new North
American Stratigraphic Code (North Amer-
ican Commission on Stratigraphic Nomen-
clature, 1983) and to discuss the deposition
of the Jackpile Sandstone.

Nomenclature and location

The Jackpile Sandstone is named for the
Jackpile mine that was opened in the SE/4
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FIGURE 2—Graphic measured section of the Jack-
pile Sandstone Member (Morrison Formation) and
adjacent units at the stratotype. See Table 1 for
description of units and Fig. 1 for location of
stratotype.
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sec. 35, T. 11 N., R. 5 W., Cibola (formerly
Valencia) County, New Mexico. The contig-
uous Jackpile-Paguate mine is the world’s
largest uranium mine; 24.1 million metric tons
(26.51 million short tons) of uranium ore were
shipped between 1954, when the mine
opened, and 1982, when the mine closed
(McLemore, 1982). The stratotype for the
Jackpile Sandstone is a measured section of
a surface outcrop in SE1/a NW1/s SW1/s sec.
10, T. 10 N., R. 5 W., Mesita 7*/>-min quad-
rangle (Fig. 1). This location is approximately
2.5 mi (4 km) southwest of the original mine
opening. The section (Fig. 2; Table 1) was
measured on a series of south-facing cliffs
north of the south fork of Oak Canyon. These
cliffs occur on the face of an unnamed tri-
angular mesa between South Oak Canyon
Mesa and North Oak Canyon Mesa at a point
0.3 mi (0.5 km) east of NM-279. A subsurface
reference section (Fig. 3) also is provided from
a core and log taken in Anaconda Diamond
Drill Hole 2664 in SW1/s NEV/s NE/4 of the
same section, approximately 0.8 mi (1.3 km)
northwest of the stratotype (Fig. 1). Flesch
(1974, 1975) suggested two reference sec-
tions farther to the north that also are avail-
able for study. His 1975 section was published
in Siemers et al. (1975, p. 30).
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FIGURE 3—Electrical log and core log of the Jack-
pile Sandstone and adjacent units at the subsur-
face reference section. See Fig. 1 for location of
DDH 2664. “Squared off” ends of spontaneous po-
tential and resistance traces indicate off-scale read-
ings. Kdoc is the Oak Canyon Member of Dakota
Sandstone; Jmj is the Jackpile Sandstone Member
of Morrison Formation; Jmb is the Brushy Basin
Member of Morrison Formation.
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SANDSTON

Following established informal usage, the
Jackpile Sandstone Member of the Morrison
Formation is split from the underlying Brushy
Basin Member. The Brushy Basin is the most
extensive member of the Morrison, being
present over nearly all of the Colorado Pla-
teau (Craig et al., 1955, p. 155). At the stra-
totype, the Jackpile is overlain unconformably
by the basal sandstone bed of the Oak Can-
yon Member of the Dakota Sandstone, which
forms the rimrock in all of Oak Canyon (Fig.
4).

Description
LiTHOLOGY

The Jackpile Sandstone varies consider-
ably in detailed lithology. Typically, it is an
off-white to yellowish-tan, crossbedded, fri-
able, subarkosic sandstone with mostly me-
dium and coarse, subangular to well-rounded,
poorly to well-sorted grains in a white clay
matrix. The white clay matrix, which is a
distinctive feature of the Jackpile, is mostly
kaolinite. Some beds are very coarse grained
and a few, chiefly at the base of scour sur-
faces, contain a few pebbles, mostly of chert.
Chert-pebble zones are more common in the
southwest part of the Jackpile distribution,
in the vicinity of the stratotype, than to the
north and east. Some Jackpile beds are fine-
grained sandstone, but very fine grained
sandstone and siltstone beds are rare. Po-
rosity ranges from near 0% to 20% or more
and varies inversely with clay-matrix con-
tent. Most outcrops contain a few thin lenses
and beds of variegated, pale-green to red,
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TABLE 1—LITHOLOGIC DESCRIPTION OF JACKPILE
SANDSTONE STRATOTYPE. Unit numbers correspond
to numbers in Fig. 2.

Unit

Description

Thickness

Dakota Sandstone:
basal sandstone bed of
Oak Canyon Member:

18

17

Sandstone (quartz arenite), tan,
weathers rusty brown; very
fine to fine grained, well
sorted, subangular to rounded;
iron oxide and silica cement;
thinly to poorly bedded (par-
tially bioturbated); abundant
Skolithos burrow fillings; sharp,
planar lower contact; eroded
back from canyon rim........

Sandstone (quartz arenite), tan,
weathers rusty brown; very
fine to fine grained, well
sorted, subangular to rounded;
silica cement; carbonaceous;
medium-scale planar cross-
bedding; abundant Planolites
burrow fillings in lower 4
inches (10 cm) that extend into
unit below; planar, uncon-
formable lower contact; forms

canyon rimrock..............

Total thickness .................

Morrison Formation:
Jackpile Sandstone Member:

16

15

14

Sandstone (lithic subarkose),
greenish-gray, fresh and
weathered; medium to coarse
grained, fines upward, poorly
to very poorly sorted, sub-
rounded to rounded; abun-
dant clay matrix, especially in
upper part; subrounded to
rounded chert pebbles
throughout, angular sand-
stone pebbles and cobbles in
upper part, abundant kaolin-
ized feldspar grains; medium-
scale trough crossbedding, ex-
cept in upper clayey part; gra-
dational lower contact; recedes
under canyon rimrock above .

Sandstone (subarkose), off-
white, weathers tan; medium
to coarse grained, moderately
to poorly sorted, angular to
rounded; abundant clay ma-
trix; planar and wedge cross-
bedding with some massive
beds; one fining-upward se-
quence at base with basal chert
pebbles and mudstone clasts;
sharp, irregular lower contact;
moderately resistant ........

Sandstone (subarkose), tan,
fresh and weathered; fine to
coarse grained, moderately to
poorly sorted, subangular to
rounded; clay matrix; mud-
stone clasts and chert pebbles
in basal bed; small and me-
dium-scale planar crossbed-
ding and massive beds; one

2 ft (0.6 m)

.13 ft (4 m)
15 ft (4.6 m)

8 ft (2.4 m)

17 £t (5.2 m)

13

12

11

10

fining-upward sequence at
base; sharp lower contact;
moderately resistant .........

Sandstone (subarkose), off-
white, weathers tan; fine to
medium grained, moderately
to poorly sorted, subangular
to subrounded; clay matrix;
small-scale trough crossbed-
ding; sharp, uneven lower

contact; moderately resistant .

Sandstone (subarkose), off-
white, weathers tan; fine to
very coarse grained, poorly to
moderately sorted, subangu-
lar to rounded; clay matrix;
chert pebbles, especially in
lower 3 ft (0.9 m); medium-
scale planar crossbedding;
sharp, planar lower contact;
moderately resistant.........

Sandstone (subarkose), off-
white, weathers tan; fine to
coarse grained, well to poorly
sorted, subrounded to
rounded; clay matrix; mud-
stone cobble zone near mid-
dle; medium-scale planar
crossbedding and laminated
flat bedding; sharp lower con-
tact; moderately resistant. . . ..

Mudstone, grayish-green,
fresh and weathered; silty,
sandy, mudstone-clast con-
glomerate in part; sharp lower
contact; non-resistant; with
sandstone wedge (subar-
kose), light tan, weathers light
brown; very fine to medium
grained, well sorted, sub-
rounded to rounded; clay ma-
trix; few chert pebbles;
composed of one set of wedge
crossbedding; sharp lower
contact; moderately resistant .

Sandstone (arkose), light-tan,
weathers dark tan; medium to
coarse grained, several fining-
upward sequences, moder-
ately to poorly sorted, sub-
angular to subrounded; clay
matrix; few mudstone clasts;
medium-scale wedge and
planar crossbedding; sharp,
planar lower contact; moder-
ately resistant ...............

Sandstone (subarkose), off-
white, weathers tan; very fine
to medium grained, well to
moderately sorted, angular to
rounded; clay matrix; thinly
flat-bedded, changes to cross-
bedded to west; sharp, planar
lower contact; weakly

resistant ................. ...

Sandstone (lithic subarkose),
off-white, weathers light

.10 £t (3 m)

2.9 ft
(0.6-2.7 m)

..2.5-4.5 ft
(0.8-1.4 m)

8 ft (2.4 m)

6.5 ft (2m)

brown; medium to very coarse
grained, moderately to poorly
sorted, angular to rounded;
clay matrix; abundant mud-
stone clasts up to 6 inches (15
cm) diameter in bed near top;
medium-scale, planar to wedge
crossbedding; load casts on
base with up to 1 ft (0.3 m)
relief, sharp, very uneven
lower contact. . ................... 3-5ft

6 Mudstone, grayish-green,
fresh and weathered; silty,
sandy, feldspathic, common
glass shards; thinly bedded;
sharp, irregular lower con-
tact; nonresistant.................

5 Sandstone (subarkose), yel-
lowish-tan, weathers light
brown; fine to coarse grained,
poorly sorted, subangular to
rounded; clay matrix; me-
dium-scale planar crossbed-
ding and flat bedding; sharp,
flat lower contact; moderately
resistant .. ... .. ..o 3-5 ft

4 Sandstone (arkose), very light
tan, fresh and weathered; fine
to very coarse grained, mod-
erately to poorly sorted, sub-
angular to subrounded; clay
matrix; quartz overgrowths;
small-scale trough cross-
bedding, gradational lower
contact; moderately resistant. . 5 ft (1.5 m)

3 Sandstone (subarkose), light
yellowish-tan, fresh and
weathered; fine to coarse
grained, several fining-up-
ward sequences, well to poorly
sorted, subrounded to
rounded; clay matrix; chert
pebbles near base; small-scale
planar crossbedding; sharp,
flat lower contact; weakly
resistant . ...l 2.5 ft (0.8 m)

2 Sandstone (arkose), light yel-
lowish-tan, fresh and weath-
ered; fine to very coarse
grained, moderately to poorly
sorted, angular to rounded;
clay matrix; basal chert pebble
and mudstone clast zone; low-
angle, medium-scale wedge
crossbedding; sharp, uneven

(scoured) lower contact
changing to gradational to
west; weakly resistant. ... ... 9.5 ft (2.9 m)
Total thickness ........................ 100 ft
(30.5 m)
Morrison Formation:
upper mudstone bed of
Brushy Basin Member:
1 Mudstone, grayish-green,
weathers light grayish-green;
silty, sandy; poorly bedded,
fractured; lower contact con-
cealed; non-resistant......... 6 ft (1.8 m)
Total thickness .................. 6 ft (1.8 m)

) =g
350002801
New Mexico Geology August 1984 47




FIGURE 4—View of the Jackpile Sandstone and
adjacent units at the stratotype. Person is standing
on upper part of Brushy Basin Member. Dark rim-
rock at skyline is basal Oak Canyon Member of
Dakota Sandstone. Light-colored cliffs are Jackpile
Sandstone Member (thickness: 100 ft; 30 m).

bentonitic mudstone. Locally, these may be
thick and extensive. Mudstone clasts are fairly
abundant in some sandstone beds and range
from pebble to boulder size.

At the stratotype, Jackpile sandstones have
an average composition of 58% quartz and
chert, 16% feldspars, 5% rock fragments, and
21% clay matrix, based on point counts of 22
thin sections for major components (Table 2;
Fig. 5). Significant minor components in-
clude very fine crystalline pyrite, organic
carbonaceous material not recognized easily
in hand specimens, iron oxide, and iron car-
bonate minerals. Of the 22 samples, 15 are
subarkoses according to the classification of
McBride (1963). Average porosity by point
count is 10%.

CONTACTS

The contacts of the Jackpile Sandstone
Member with adjacent stratigraphic units are
distinct and easily recognized in outcrops and
cores, but not so easily recognized on well
logs. The basal contact with the Brushy Basin
Member is well marked by a color and lith-
ologic change from green and red mudstone
to off-white to yellowish-tan sandstone (Fig.
6). At most localities this lithologic change is
gradational through a few inches; at some
localities the contact is sharp and scoured;
and at a few localities, intertonguing of Brushy
Basin mudstone and Jackpile sandstone takes
place within a few tens of feet. Schlee and
Moench (1963b) mapped such an inter-

TABLE 2—MODAL COMPOSITIONS OF THE JACKPILE SANDSTONE AT THE STRATOTYPE.

FELDSPATHIC
LITHARENITE

LITHIC SUBARKOSE

L

FIGURE 5—Plot of classification of Jackpile Sand-
stone samples from the stratotype. The sandstone
classification is from McBride (1963). The Jackpile
sandstones are predominantly subarkosic (15 of 22
samples).

tonguing just west and south of the strato-
type in the same quarter section (Fig. 1).
The upper contact of the Jackpile Sand-
stone with the Dakota Sandstone is an easily
recognized unconformity with a typical lith-
ologic and color change from the light-col-
ored, near-white Jackpile sandstone to the
darker colored, commonly iron-oxide-stained
Dakota sandstone (Fig. 7). A very thin con-
glomerate or pebbly sandstone bed is fairly
common on the unconformity. The basal Da-

Constituents (%)

Iron
oxide/

Sample Rock Heavy iron Pyrite/ Points
(unit) Quartz Chert Plagioclase K-Feldspar fragments Clay' Porosity minerals Biotite Calcite carbonate OCM? Total counted
1(1) 42.4 1.0 5.6 3.4 1.0 41.2 tr 1.0 tr 0.0 4.6 1.0 101.2 323
2(2) 47.0 29 10.8 3.5 1.3 30.2 1.0 tr 0.0 0.0 0.0 2.9 99.6 315
3(2) 39.7 4.0 9.0 9.3 5.7 10.7 18.0 0.0 0.0 2.0 1.3 tr 99.7 300
4(2) 31.2 1.3 17.2 12.7 7.1 15.3 12.3 1.0 0.0 tr 1.9 tr ~ 100.0 308
5(3) 57.7 1.0 12.5 5.1 2.5 2.9 15.1 tr 0.0 0.0 tr 2.6 99.4 312
6(4) 52.1 1.0 16.5 3.6 3.6 4.6 14.2 1.0 tr 0.0 1.6 1.6 99.8 303
7(5) 50.2 1.6 10.5 1.6 3.3 13.8 8.8 tr 1.0 0.0 5.9 3.6 100.3 305
8(6) 21.0 4.8 4.8 0.0 0.0 66.3 1.6 0.0 1.0 0.0 tr tr 99.5 309
9(7) 41.5 2.6 11:3 5.0 7.4 15.3 9.3 0.0 tr tr 1.0 6.3 99.7 301

10(8) 48.9 tr 10.5 1.6 3.3 15.4 14.1 0.0 tr 0.0 1.0 4.9 99.7 305

11(9) 41.3 1.2 14.9 3.5 3.9 4.8 1.6 1.0 0.0 0.0 16.2 11.7  100.1 315

12(10) 51.8 1.3 10.2 2.0 3.3 10.2 12.5 tr 0.0 0.0 0.0 8:5 99.8 305

13(11) 45.8 1.0 10.4 2.6 3.9 13.6 7.8 0.0 tr 0.0 0.0 14.9  100.0 308

14(11) 56.4 1.6 9.0 3.2 4.5 8.0 16.3 0.0 tr 0.0 0.0 1.0 100.0 312

15(11) 48.0 3.9 7.2 2.9 2.0 8.5 17.0 0.0 tr 0.0 9.1 1.0 99.6 306

16(11) 49.8 2.2 13.8 1.3 6.1 11.2 12.9 0.0 tr 0.0 L.3 1.3 99.9 31

17(12) 51.3 1.2 6.7 3.8 4.2 12.8 18.3 0.0 0.0 0.0 0.0 1.6 999 312

18(13) 61.4 2.6 75 1.3 2.3 9.1 10.4 0.0 1.0 0.0 0.0 49 1005 308

19(14) 4.7 2.0 11,3 3.6 5.8 18.8 9.1 0.0 0.0 0.0 0.0 4.8 100.1 301

20(15) 52.4 1.6 8.4 1.9 3.2 20.4 3.6 0.0 0.0 0.0 2.6 5.8 99:9 309

21(15) 46.6 2.0 6.2 1.6 4.6 28.5 7:5 0.0 0.0 0.0 0.0 29 99.9 305

22%(16) 48.6 4.5 3.7 3.7 111 28.4 - 0.0 0.0 0.0 0.0 0.0 100.0 109

Mean 46.8 2.0 9.9 3.5 4.0 17.7 10.0 tr tr tr 4.2 3.7 99.9

Dakota Sandstone

23(17) 65.3 1.6 1.6 0.0 tr 0.0 tr 0.0 0.0 0.0 0.0 31.5 100.0 311

24(18) 82.4 0.0 1.0 0.0 0.0 %l 7.8 0.0 0.0 0.0 1.0 1.0 100.3 307

Notes: 1. Includes clay pore fillings, clay rims, and matrix

2. OCM = Organic carbonaceous material
3. Grain mount, porosity was not determined
350002802
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FIGURE 6—Brushy Basin-Jackpile contact at the
stratotype. Note the ledge of Jackpile Sandstone
resting on fractured Brushy Basin mudstone.

FIGURE 7—Jackpile-Dakota contact at the strato-
type. The contact, an unconformity, is at the color
change from light-colored Jackpile to dark-colored
Dakota midway on hammer handle. The Dakota
is characteristically more resistant than the Jack-
pile and forms an overhanging ledge.

kota is a fluvial-channel sandstone at some
localities and a transgressive-marine sand-
stone with sand-filled burrows of Planolites
extending down a few inches into the Jack-
pile at other localities, including the strato-
type (Fig. 8). The uppermost Jackpile may be
green or red mudstone instead of sandstone
at some localities. Rarely, a basal Dakota
sandstone bed is not present, which leaves
a black, carbonaceous shale of the Dakota
resting directly on the unconformity.
Recognition of the Jackpile Sandstone
Member contacts on subsurface well logs is
difficult. The basal Jackpile contact is fairly
easy to recognize due to the deflection to the
left of spontaneous potential (S.P.) and

FIGURE 8—Close-up view of sand-filled Planolites
burrows on Dakota-Jackpile unconformity. The
burrow fillings are approximately 1 inch (2.5 cm)
in diameter.

gamma-ray curves and an increase in resis-
tivity due to the lithologic change from Brushy
Basin mudstone to Jackpile sandstone (Fig.
3). However, because the lower Jackpile lo-
cally intertongues with the upper Brushy Ba-
sin, because mudstone lenses occur in the
Jackpile, and because channel-sandstone
lenses occur in the Brushy Basin, the exact
location of the contact on some well logs is
debatable.

The Jackpile-Dakota contact, an uncon-
formity, does not register distinctly on well
logs because it is generally a sandstone-
sandstone contact. It can be correlated with
some uncertainty. However, in the subsur-
face reference drill hole (Fig. 3) the upper-
most Jackpile is mudstone and the lowermost
Dakota is sandstone, so that the contact may
be placed at the S.P. and resistivity deflec-
tions.

DISTRIBUTION

The extent of the Jackpile Sandstone to the
south, southwest, and southeast of the stra-
totype is closely limited by truncation along
the basal Dakota unconformity. Accordingly,
the Jackpile is not present south of the Rio
San Jose valley (Fig. 9) southwest of the stra-
totype (Moench, 1963; Moench and Schlee,
1967, pl. 3). The Jackpile also is truncated
southeast of the stratotype on the northern
part of Mesa Gigante (Moench and Puffett,
1963a, b; Moench and Schlee, 1967, pl. 3) and

Schlee (1967, pl. 3) showed that the Jackpile
extends northwest into the subsurface only
2-3 mi (3-5 km), and Adams and Saucier
(1981) showed that it extends only 6 mi (10
km) northwest from the vicinity of the strato-
e.

The extent of the Jackpile north of the stra-
totype is a subject of some disagreement,
although most recent authors agree that it
extends north 50-70 mi (80-110 km) to ap-
proximately latitude 36° N. near Cuba, New
Mexico (Fig. 9). Woodward and Schumacher
(1973) traced it north to latitude 36°2". Flesch
(1974) mapped the Jackpile north to 35°7'30"
and was confident that it extended at least
north of 35°45" (Flesch, personal communi-
cation 1975). Saucier (1974) extended the
Jackpile north to approximately 35°45'. Lupe
(1983) correlated the Jackpile in the subsur-
face near the outcrop north to approximately
35°50". Santos (1975) mapped the Jackpile
north to approximately 36°; Owen and Sie-
mers (1977) gave evidence that the Jackpile
extends to approximately 36°.

The problem in defining the northern ex-
tent of the Jackpile lies in distinguishing be-
tween the Jackpile Sandstone and the Burro
Canyon Formation. These two units are of
similar lithology and identical stratigraphic
position between the Brushy Basin Member
of the Morrison Formation and the Dakota
Sandstone along the Nacimiento front near
Cuba. Owen and Siemers (1977, p. 180)

is not present south of there. Moench and =y
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FIGURE 9—Map of approximate distribution of Jackpile Sandstone in west-central New Mexico. The
Jackpile probably was deposited in the “no data” area in the eastern part of the study area, but has

been removed by erosion on uplifts or covered by

thick Rio Grande graben fill. The boundary on the

south is due mostly to tilting and erosion along the basal Dakota unconformity. The subsurface dis-

tribution west of the outcrops is from Adams and S

aucier (1981, pl. 3). The approximate southern limit

of the Burro Canyon Formation is shown diagrammatically along the northern edge of the map.
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pointed out that the only noticeable differ-
ences between the Burro Canyon and the
Jackpile along the eastern flank of the San
Juan Basin are: 1) the Burro Canyon has an
unconformable basal contact, whereas the
Jackpile has a conformable, but locally
scoured, basal contact; 2) the Burro Canyon
is generally a conglomeratic sandstone,
whereas the Jackpile is generally free of con-
glomeratic sandstone except for a few peb-
bles near the base. Based on these criteria,
we conclude that the Jackpile extends north
to the excellent exposure at lat. 35°59'20" N.
in the roadcut between the Nacimiento open-
pit copper mine and tailings pond in SW1/s
NEv/s SE'a sec. 2, T. 20 N.,, R. 1 W., 3.8 mi
(6.1 km) southeast of Cuba. Exposures north
of this locality are rare for about 17 mi (27
km) and so poor that a clear Burro Canyon—
Jackpile distinction could not be made. How-
ever, the next series of well-exposed out-
crops near Gallina (Fig. 9) from about 36°15’
north clearly shows Burro Canyon charac-
teristics.

The Jackpile Sandstone can be recognized
in some wells near the outcrop west of the
Nacimiento front, but we have not studied
to any great extent its distribution in the sub-
surface of the San Juan Basin. However, Ad-
ams and Saucier (1981, pl. 3) have mapped
the subsurface Jackpile along a northwest
trending zone from the outcrop to near Chaco
Canyon (Fig. 9). Saucier (personal commu-
nication 1984) reported good control for the
Jackpile mapped north to about lat. 35°40°
N., but less control for the area northwest
to Chaco Canyon. The sandstone cored in
the Department of Energy holes near Chaco
Canyon may be from the Burro Canyon For-
mation. Lupe (1983) was rather conservative
when he correlated the Jackpile from the out-
crop into the subsurface. It appears that the
Jackpile can be correlated several miles far-
ther west and north on many of his well logs.

The Jackpile can be mapped easily to the
points where it enters the subsurface in the
Rio Grande graben 20-25 mi (32-40 km)
northeast of the stratotype. It is present in
some wells in the graben area. For example,
the Jackpile can be recognized on the electric
log of the Shell No. 1 Santa Fe Pacific well
43 mi (69 km) northeast of the stratotype (Fig.
9) at depths from 6812 to 6907 ft (2076-2105
m). A core across the Jackpile-Dakota un-
conformity allows identification of this con-
tact. Lupe (1983) picked this contact 22 ft (7
m) high in this well by including the Oak
Canyon basal sandstone in the Jackpile. East
of the Rio Grande, the Jackpile is present at
nearly all the isolated outcrops as far north-
east as Lamy, New Mexico (Fig. 9), 14 mi (23
km) south of Santa Fe and 87 mi (140 km)
northeast of the stratotype. This distribution
east of the Rio Grande has not been well
known, but was recently pointed out by Owen
(1982, p. 268).

THICKNESS

At the stratotype, the Jackpile Sandstone
is 100 ft (30 m) thick; in the subsurface ref-
erence section 0.8 mi (1.3 km) to the north-
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east, it is 125 ft (38 m) thick. The Jackpile
varies considerably in thickness in the vicin-
ity of the stratotype. The stratotype is located
on the west flank of a syncline mapped by
Moench and Schlee (1967, pl. 3) in which the
Jackpile varies in thickness from 90 to 120 ft
(27-37 m) due to slight discordance in struc-
ture between the Jackpile and Dakota. At an-
other section, measured on the south face of
South Oak Canyon Mesa, 0.7 mi (1.1 km)
south of the stratotype (LE on Fig. 1), the
Jackpile is only 52 ft (16 m) thick.

Regionally, the Jackpile also varies consid-
erably in thickness. The Jackpile attains its
maximum thickness and greatest average
thickness northeast of the stratotype in an
east-northeast-trending, thick belt that is 13
by 33 mi (21 by 53 km; Moench and Schlee,
1967, pl. 3). It reaches 200 ft (61 m) in thick-
ness at several places in this belt, but thick-
ens locally to the extreme of 300 ft (91 m;
Kozusko and Saucier, 1980). Santos (1975, pl.
2) showed that most of the Jackpile is be-
tween 60 and 120 ft (18 and 37 m) thick and
that it wedges out locally. Farther north, the
Jackpile averages about 60 ft (18 m) in thick-
ness, but it varies locally in the outcrops be-
tween about lat. 35°30" and 35°40" N. (Fig.
9). The Jackpile is thicker, generally about
130 ft (40 m), but locally variable from 35°40’
to its northern extent near 36° (Fig. 9). Santos
(1975, pl. 1) mapped one outcrop approxi-
mately 0.7 mi (1.1 km) long where the Jack-
pile wedged out in this area. At the isolated
outcrops east of the Rio Grande, the Jackpile
varies considerably in thickness, even in short
distances. Measured thicknesses there range
from about 50 to 110 ft (15-33.5 m).

SEDIMENTARY STRUCTURES

Crossbedding is the dominant sedimen-
tary structure in Jackpile sandstones (Fig. 10).

FIGURE 10—Easterly dipping crossbedding in
lower part of Jackpile Sandstone at stratotype. Note
the thinner, plane-bed zone in the middle part.
Large holes in sandstone are molds formed by
weathering out of mudstone clasts.

About 90% of Jackpile sandstones are
crossbedded; most of the remainder are flat-
bedded and a few are massive. The typical
crossbed is a medium-scale wedge set with
internal, planar cross-laminations. Tabular-
sets, trough-sets, and concave-up cross-lam-
inations are less common. Thickness of sets
averages about one foot (0.3 m), but ranges

from one inch to several feet. Regionally, the
average dip direction of the crossbedding is
easterly, but local and bed-to-bed variations
do occur. At the stratotype, 32 measurements
of crossbedding (Fig. 9) distributed through-
out the Jackpile yielded a northeasterly mean
dip direction of 53° (Fig. 11) with a vector
magnitude of 52.5% and an F statistic of 2.23
(statistically significant at greater than 1%).
The crossbedding would be oriented even
more strongly if it were not for a scattering
of five westerly dip directions in the upper
part of the Jackpile. Other sedimentary
structures seen in the Jackpile include rare
parting lineations, ripple marks, load casts,
and very rare insect burrows.

NUMBER - 32

MEAN = 53° 195

STD. DEV, - 70° » 9 o i 15
VECTOR MAG. = 625%
F STAT = 223

didecdod ot se s | 2 s s e
NUMBER OF READINGS

FIGURE 11—Compass rose diagram of Jackpile
crossbedding directions at stratotype. The north-
easterly mode and mean (53°) indicate paleo-
current-flow direction. The mean direction is
statistically significant at greater than 1%. The small,
southeasterly mode is not statistically significant.
All five westerly readings are from the upper part
of the Jackpile.

Interpretation
AGE

No index fossils have been reported from
the Jackpile Sandstone; therefore, no well-
defined, paleontologically based age is
known. The only fossils that have been dis-
covered in the Jackpile are a few specimens
of carbonaceous and petrified wood frag-
ments and logs, insect burrows, and uniden-
tified dinosaur bones. The stratigraphic
position of the Jackpile between the rest of
the Morrison Formation (reportedly Upper
Jurassic) and the Dakota Sandstone (Ceno-
manian or lowest Upper Cretaceous) would
allow it to be placed in the Upper Jurassic or
Lower Cretaceous or both. Rubidium-stron-
tium isotopic ages of very early, diagenetic
barren-rock montmorillonite from nine sam-
ples of the Jackpile Sandstone at the Jackpile—
Paguate mine have a mean isotopic age of
142 = 14 Ma according to Brookins (1980, p.
54). This isotopic age was recalculated from
the 146 +* 5 Ma age reported by Lee and
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Brookins (1978). Such an isotopic age would
give a minimum age for deposition of the
Jackpile, but probably it is close to the actual
age of deposition. Unfortunately, the nu-
merical boundaries for ages of the Late Jur-
assic and Early Cretaceous are in considerable
disagreement in the four most recently pub-
lished radiometric time scales (Odin, 1982a,
b; Harland et al., 1982; Palmer, 1983; van
Hinte, 1976a, b). The Jurassic—Cretaceous
boundary occurred 130 Ma according to Odin
(1982a, b), 135 Ma according to van Hinte
(1976a, b), and 144 Ma according to Harland
et al. (1982) and Palmer (1983). An age of 142
Ma would have occurred sometime during
the Late Jurassic Epoch according to almost
all recently published time scales except the
ones of Harland et al. (1982) and Palmer (1983),
where it just barely falls within the Early Cre-
taceous (by only 2 m.y.). On Odin’s scale
(1982a, b) 142 Ma occurred during the Ox-
fordian Age of the Late Jurassic.

Until much closer agreement is reached on
numerical calibration of Late Jurassic and Early
Cretaceous age boundaries, we can only con-
clude that the Jackpile Sandstone probably
was deposited during the Late Jurassic be-
cause Brookins’ dates (1980) are minimum
dates of deposition. Yet there still remains a
slight possibility that it could have been de-
posited during the Early Cretaceous.

Brookins (1980) also reported that the ru-
bidium-strontium isotopic age for Jackpile
clays contemporaneous with uranium min-
eralization was 113 + 7 Ma and that the age
for very early diagenetic clays from the Da-
kota was 93 + 8 Ma. These data indicate that
the hiatus associated with the Jackpile-
Dakota unconformity might be on the order
of 40 m.y. (approximately all of Early Cre-
taceous time) and that uranium mineraliza-
tion occurred during the middle of this hiatus.
The 93 Ma minimum isotopic age for the Da-
kota agrees closely with its paleontologically
determined Cenomanian age and with all of
the time scales cited above.

CORRELATION

Significant uncertainties exist in lithostra-
tigraphic correlation of the Jackpile Sand-
stone in the subsurface of the San Juan Basin
and the possible confusion of the Jackpile
with the Burro Canyon Formation, a Lower
Cretaceous unit. For example, Swift (1956,
p. 45) included all of what is now known as
Jackpile and Burro Canyon from the Colo-
rado state line to Mesa Gigante in his infor-
mal Deadmans Peak formation.

The exact age of the Jackpile is so poorly
known that little can be said regarding
chronostratigraphic correlation except that
beds of the same age as the Jackpile may
occur in the much more extensive Brushy
Basin Member where the Jackpile was not
developed.

(GENESIS

There is broad agreement among many au-
thors who have discussed the provenance
and depositional setting of the Jackpile Sand-
stone that it is dominantly a braided-stream

deposit derived from a source area to the
southwest and deposited in a fairly arid cli-
mate. Recently, Bell (1981) found evidence of
tuffs that were altered in an arid climate and
closed-basin evaporite minerals in the asso-
ciated Brushy Basin Member including the
area where the Jackpile Sandstone is present.
In order to account for the logs deposited in
the Jackpile, the source area of Jackpile sed-
iments may have been somewhat less arid
than at the depositional site. However, after
Jackpile deposition and before Dakota dep-
osition, there was a period of intense weath-
ering in a humid climate that produced the
weathered feldspars and white kaolinite in
the Jackpile (Adams and Saucier, 1981, pp.
33-34).

In our view, the Jackpile was deposited by
low to moderate sinuosity, easterly flowing,
sandy braided-stream systems and on the
distal portion of low-gradient alluvial-fan
complexes. Migrating sand bars of various
shapes in shallow water under low to mod-
erate flow velocities in the lower flow regime
formed the abundant crossbedding in the
sandstones. The considerably less abundant,
flat-bedded sandstones may have been
formed during periods of higher flow veloc-
ity which produced upper flow regime plane-
bed conditions. Paleocurrent data derived
from the abundant crossbeds indicate a mean
easterly paleoflow direction, although local
variations occurred. The thin lenses of mud-
stone were deposited mostly in temporarily
abandoned braid channels; many of the de-
posits were later ripped up to form mud-
stone clasts when the channel was reoccupied.
The less common, thick lenses and beds of
mudstone may represent local overbank de-
posits.

The thickest part of the Jackpile was de-
posited in a contemporaneously subsiding,
structural depression according to Schlee and
Moench (1961). Other fan complexes were
developed near Cuba and Lamy (Fig. 9), but
they are generally thinner. Local areas where
the Jackpile is absent within its area of dis-
tribution may represent small interfluvial
areas between braided-stream systems.

The proximal part of the alluvial-fan com-
plex south and west of the stratotype has
been removed by truncation along the basal
Dakota unconformity. Therefore, the dis-
tance to the source area is conjectural. Moench
and Schlee (1967, p. 21) suggested that the
source of the Jackpile was a rejuvenated area
south of Gallup, New Mexico, that was also
the source area of other Morrison sandstone
members. In this case the Jackpile would be
a more easterly alluvial-fan complex similar
to, but smaller than, the alluvial-fan com-
plexes in the Salt Wash, Recapture, and
Westwater Canyon Members as mapped by
Craig et al. (1955) and discussed by Saucier
(1976) and Galloway (1979). The Mogollon
Highlands of southwest New Mexico and
southeast and central Arizona also may have
contributed detritus derived from basement
rocks that mixed with the closer sedimentary
source areas to form the Jackpile and other
Morrison alluvial-fan complexes.

Conclusions

The Jackpile Sandstone Member is named
here formally as the uppermost member of
the Morrison Formation (Upper Jurassic) from
a stratotype exposed near the Jackpile-Pa-
guate uranium mine in Cibola County, west-
central New Mexico. The stratigraphic name,
Jackpile, has been used informally for this
unit by numerous authors for many years.

The Jackpile is typically a whitish, me-
dium- to coarse-grained, crossbedded, sub-
arkosic sandstone with clay matrix and
interbedded, variegated, pale-green to red,
bentonitic mudstone lenses. At the strato-
type the sandstone averages 58% quariz and
chert, 16% feldspars, 5% rock fragments, and
21% clay matrix.

The lower contact of the Jackpile with the
Brushy Basin Member of the Morrison For-
mation is gradational through a few inches,
locally scoured, and interbedded at a few
localities. The upper contact with the Dakota
Sandstone is an unconformity.

The Jackpile extends only about 10 mi (16
km) southwest and 8 mi (13 km) southeast
of the stratotype due to truncation along the
basal Dakota unconformity, but it also ex-
tends northeast across the Rio Grande to
Lamy, New Mexico, 87 mi (140 km) from the
stratotype. It appears to extend north about
65 mi (105 km) to just south of Cuba, New
Mexico. The Jackpile has been mapped
northwest into the subsurface of the San Juan
Basin to near Chaco Canyon by Adams and
Saucier (1981, pl. 3).

The thickness of the Jackpile increases to
the northeast from 100 ft (30 m) at the strato-
type to 200 ft (61 m) or more in a contem-
poraneously subsiding depression. Farther
north, it thins to approximately 60 ft (18 m)
in the outcrops near San Ysidro, New Mex-
ico, but thickens to approximately 130 ft (40
m) along the Nacimiento front south of Cuba,
New Mexico. The Jackpile wedges out in sev-
eral places and varies in thickness east of the
Rio Grande.

Regionally, the crossbedding of the Jack-
pile indicates an easterly paleocurrent direc-
tion, but at the stratotype the direction is
more northeasterly (56°). The Jackpile was
deposited by braided-stream systems and on
the distal portions of alluvial-fan complexes
in a fairly arid climate. Source areas were a
rejuvenated upland south of Gallup, New
Mexico, and the distant Mogollon High-
lands.
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MINING REGISTRATIONS
(OCTOBER 25, 1983 THROUGH APRIL 16, 1984)

State Mine Inspector

2340 Menaul N.E.

Albuquerque, NM 87107

Date and

operation Operators and owners

Location

52 August 1984 New Mexico Geology

10-25-83
clay

10-25-83
mill

12-20-83
gold,

silver

12-20-83
mill

1-18-84
silver

Operator—Garrett Mine, D’ Appolonia Consulting Engi-
neers, 2340 Alamo SE, Suite 306, Albuquerque, NM 87106;
Gen. Mgr.—Dr. A. K. Kuhn, same address, phone: 842-
0835; Person in charge—Bruce W. Hassinger, same ad-
dress and phone; Gen. Supt.—Jerry Farris, P.O. Box 687,
Grants, NM 87020;

Property owner—Frank J. Burke, P.O. Box 278, Gallup,
NM 87301

Operator—Ambrosia Lake Mill, Quivera Mining Co., P.O.
Box 218, Grants, NM 87020; Supt.—Charley Stanley, same
address; Gen. Mgr.—Arthur Gebeau, same address; Other
officials—Rob Luke, Rod Tregembo, Billy Stevens, Kerr—
McGee Center, Oklahoma City, OK 73125

Operator—U.S. Treasury, St. Cloud Mining Co., P.O. Box
1670, Truth or Consequences, NM 87901, phone: 744—
5215; Gen. Mgr.—P. S. Freeman, 1006 Kopra St., Truth
or Consequences, NM, 87901, phone: 894-7739; Gen.
Supt.—James Ray Nations, General Delivery, Winston,
NM, phone: 894-7495; Other official—Walter Palass, Ad-
min. Mgr., Box 1670, Truth or Consequences, NM 87901;
Property owner—The Goldfield Corp., P. O. Box 1899,
Melbourne, FL 32901

Operator—St. Cloud Mill, The St. Cloud Mining Co., P.O.
Box 1670, Truth or Consequences, NM 87901, phone: (505)
744-5215; Supt.—John Gilson, same address and phone;
Gen. Mgr.—Patrick Freeman, same address and phone;
Other official —Walter Palass, Admin. Mgr., same address
and phone;

Property owner—The Goldfield Corp., P.O. Box 1899,
Melbourne, FL 32901

Operator—Black Silver Venture, Gold-Silver Exploration,
Inc., 631 Broadway, Truth or Consequences, NM 87901;
Gen. Mgr.—Dan Medley, 631 Broadway, phone: 894-2121;
Person in charge—Arthur Misquez, 1315 Caballo Rd., Truth
or Consequences, NM 87901, phone: 894-3943; Gen.
Supt.—A. D. Richins, P.O. Box 155, Hillsboro, NM 88042,
phone: 895-5694;

Property owner—Black Silver Venture, 631 Broadway, Truth
or Consequences, NM 87901

McKinley Co.; sec. 22, T. 15N.,, R. 18 W.;
Gallup mining district; private land; drift—
abandoned; no material to be mined; ex-
isting adits to be opened in order to in-
vestigate subsidence problems; directions
to mine: immediately east of NM-32, 0.5
mi south of the intersection of NM-32 and
NM-40 in Gallup, NM

McKinley Co.; sec. 31, T. 14 N, R. 9 W,;
Grants mining district; private land; ores
milled—uranium; custom milling; capac-
ity of mill—7,000 tons per day; directions
to mill: approximately 21 mi north of
Grants, NM on NM-509 spur

Sierra Co.; sec. 25, T. 115., R. 9W.; private
land; directions to mine: 12 mi SW of Win-
ston, NM, past St. Cloud mill, follow signs

Sierra Co.; sec. 4, T. 12S., R. 8 W.; Chlo-
ride mining district; private land; ore
milled—copper, silver, and gold; capacity
of mill—400 tons per day; directions to
mill: 10 mi SW of Winston

Sierra Co.; sec, 13, T. 15S., R. 9W.; Kings-
ton mining district; federal land; direc-
tions to mine: turn north on forest road
157 halfway between Hillsboro and Kings-
ton, go 9.5 mi to mine

continued on page 55
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HYDROLOGY AND WATER-QUALITY MONITORING
CONSIDERATIONS, JACKPILE URANIUM MINE,

NORTHWESTERN NEW MEXICO

By Harold H. Zehner

ABSTRACT

The Jackpile uranium mine, which is on the Pueblo of Laguna in northwestern New
Mexico, was operated from 1953 to [980. The abandoned mine consists of underground
workings, and the Jackpile, North Paguate, and South Paguate pits, which are 200 to 300
feet deep. The mine and facilities have affected 3,141 acres of land, and about 2,656
acres were yet to be reclaimed in late 1980. The intended use of the restored land is
stock grazing. Possible oxidation by ground and surface water in the backfill to be
placed in the pits and in the 32 tailings and waste piles may cause increased solution of
rock minerals, including radionuclides and trace elements.

The Jackpile sandstone (economic usage), which is an upper unit in the Brushy Basin
Member of the Morrison Formation of Jurassic age, is the principal bedrock aquifer in
the area, as well as the ore-bearing body. It is a fine- to medium-grained, poorly to
moderately well sorted sandstone that ranges in thickness from 40 to 200 feet in the
area. Fractured Dakota Sandstone and Mancos Shale of Cretaceous age overlie the

Jackpile sandstone and a 200-foot-thick tight mudstone unit of the Brushy Basin Member
underlies the Jackpile.

The hydraulic conductivity of the Jackpile sandstone probably is about 0.3 foot per
day. The small storage coefficients determined from three aquifer tests indicate that
the Jackpile sandstone is a confined hydrologic system throughout much of the mine
area. Other water-yielding units include the thin valley alluvium, which had a hydraulic
conductivity of 23 feet per day at one test well; colluvium adjacent to the mesas; and
basalt flows and pyroclastic rocks west and north of the mine. Seepage from these
water-yielding units probably sustains the base flow in the Rio Paguate.
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The Rio Paguate flows eastward to near the center of the Jackpile mine, then
southward to the Rio San Jose near the village of Laguna. The Rio Moquino is a tributary
to the Rio Paguate in the northern part of the mine area. Prior to mining, the Rio
Paguate was a gaining stream. During 1977-80, it had a mean daily base flow of about
0.6 cubic foot per second near the mine's south boundary; however, the stream was losing
water in its reach between the Paguate pits. Sediment from the Rio Paguate has nearly
filled the Paguate Reservoir near Laguna since its construction in 1940. The sediment
deposited in the reservoir due to mining is estimated to be very small.

The mean concentrations of uranium, radium-226, and other trace elements
generally were less than permissible limits established in national drinking-water
regulations or New Mexico State ground-water regulations. No individual surface-water
samples collected upstream from the mine contained concentrations of radium-226 in
excess of the permissible limits. Radium-226 concentrations in many individual samples
collected from the Rio Paguate from near the mouth of the Rio Moquino to the sampling
sites along the downstream reach of the Rio Paguate, however, exceeded the
recommended permissible concentration of radium-226 for public drinking-water
supplies. Concentrations in surface water apparently are changed by ground-water
inflow near the confluence of the two streams.

Part of the backfill will become saturated after reclamation. Most discharge from
the Jackpile pit backfill probably will be to the Jackpile sandstone, then to the alluvium
and the Rio Paguate. Discharge from the backfill in the Paguate pits primarily will be to
permeable waste rock and then to the Rio Paguate. The altitude of the water tables in

the backfill of the pits will be controlled partly by the water level in the Rio Paguate.

Other factors controlling the altitudes of the water tables are the recharge rate to the
backfill and the hydraulic conductivities of the backfill, alluvium, Jackpile sandstone,
and mudstone unit of the Brushy Basin Member.

Waste piles receive only local recharge, which generally is from precipitation that
falls directly on the piles. Saturation of the piles usually is limited and of short
duration. Discharge from the piles may be to the land surface or to the underlying
alluvium and bedrock.

After reclamation, most of the shallow ground water probably will discharge to the
natural stream channels draining the mine area. The remaining ground water probably
will flow to the south and east, where erosion has removed the northwest-dipping
Jackpile sandstone from the valleys.

Four additional surface-water monitoring stations could be established, and samples
initially could be collected about once every 2 months and at different discharges.
Constituents that probably would need to be monitored are common ions, dissolved solids,
trace elements, gross alpha radioactivity, gross beta radioactivity, and uranium,

Ground-water quality may be monitored as: (I) "Limited monitoring," in which only
the change in water quality is determined as the ground water flows from the mine; or (2)
"thorough monitoring," in which specific sources of possible contaminants are described.
As few as three wells would be needed for limited monitoring; many more wells would be
needed for thorough monitoring. Initially, ground-water-quality samples probably would
need to be collected initially about once every 3 months.

INTRODUCTION

The area of the Jackpile mine (fig. |) includes about 7,500 acres of land on the
Pueblo of Laguna (Anaconda Copper Co., written commun., 1980). The land was leased
from the Pueblo of Laguna by the Anaconda Copper Co. More than 356 million tons of
material were moved since mining began in 1953, including 22 million tons of ore from
the Jackpile sandstone (economic usage) of the Brushy Basin Member of the Morrison
Formation; mining ceased in 1980. The mining has affected 3,141 acres of land, of which
485 acres had been reclaimed in late 1980. All of the remaining disturbed area (2,656
acres) was yet to be reclaimed in late 1980. The reclaimed land will be used for stock
grazing. The remaining disturbed area consists of 1,015 acres of open pits, 1,266 acres
covered by 32 piles of waste rock, 185 acres underlain by ore stockpiles, and 190 acres of
supporting facilities.

Ore was excavated by the open-pit method from 1953 to late 1980. The open-pit
areas consist of the Jackpile pit (first area mined), located in the eastern part of the
mine area, and the North and South Paguate pits, located in the northwest and west-
central parts of the mine area. Underground mining started in 1974 and continued to late
1980. Most underground workings are located in the southwestern part of the Jackpile
mine area.

The population centers nearest to the Jackpile mine are the village of Paguate,
about 0. mile to the west, and the villages of Bibo and Moquino, 2 miles to the north.
Laguna and Mesita, which are 6 to 7 miles south of the mine, are upstream and
downstream, respectively, from the confluence of the Rio Paguate with the Rio San Jose
(fig. 1). The nearest city is Albuquerque, located about 60 miles (by road) east of the
mine.

Surface water from the Rio Paguate is used for irrigation near the village of
Paguate. Upstream from Mesita, water from the Rio San Jose is used for irrigation on
the Pueblos of Laguna and Acoma.

Ground water on the Pueblo of Laguna is used for public supply, livestock, and
industry (F. P. Lyford, U.S. Geological Survey, written commun., 1977). Public supplies
are obtained from one well near Mesita and two wells near Paguate., Most wells drilled
for individual household use have been abandoned in favor of better quality water from
public-supply wells.

The Jackpile uranium mine will be reclaimed by backfilling parts of 3 open pits and
recontouring 32 waste piles. The reclaimed land is intended for livestock grazing.
Primary hydrologic concerns are that the weathering of exposed backfill and waste rock
in the disturbed areas may promote solution of undesirable chemical constituents, such as
radionuclides and trace elements, that may move into surface-water or ground-water
supplies.
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Figure 1.--Location of the Jackpile uranium mine.

Purpose and Scope

The purposes of this report are as follows:

I. To describe the 1980 hydrologic and water-quality conditions in and near the Jackpile
mine that are related to the disturbed surface area of the mine.

2. To describe possible hydrologic flow conditions that might develop after reclamation
of the mine and that might affect the quality of surface and ground water.

3. To present reasons for and possible methods of hydrologic monitoring that would be
useful in establishing a post-reclamation ground- and surface-water quality
monitoring network.

The scope of the report consists of describing the 1980 surface- and ground-water
systems, including the rate and direction of flow and the water quality. Possible ground-
and surface-water flow conditions after pit backfilling and considerations that may be
useful in post-reclamation water-quality monitoring are discussed. Geohydrologic data
collected prior to the study and reports were the primary sources of information used in
the study. Data collected during the study consisted of streamflow data calculated from
channel-geometry techniques; water-level measurements in holding ponds, mine pits, and
34 wells; and aquifer-test data at 5 wells.

The study was conducted during 1981-82 in cooperation with the U.S. Bureau of

Land Management. The hydrologic information included in the report may be used in the
preparation of an Environmental Impact Statement and the mine-reclamation plans.

Topography and Drainage

Prominent topographic features in the area of the Jackpile mine are the San Mateo
Mountains and numerous mesas (fig. 2). Mount Taylor is the highest point in the area at
altitude 11,300 feet and is located about 15 miles northwest of the Jackpile mine. Wheat
Mountain (altitude 7,140 feet) and the drainage divides southeast of Mesa Chivato are
topographically high areas that are fairly close to the mine. Within the lease boundary,
altitudes range from 5,820 to 6,910 feet. The prominent features in the mine area are
Gavilan Mesa at the northeast corner and North and South Oak Canyon Mesas along the
southern edge. Other features include several smaller unnamed mesas and numerous
piles of waste rock and stockpiled ore. The mine pits are as much as 200 to 300 feet
below the adjacent land surface. The piles of waste rock are as much as 200 feet in
height; most are about 50 to 75 feet high.

Drainage through the Jackpile mine is by the Rio Paguate and Rio Moquino, whose
headwaters are in the San Mateo Mountains (fig. 2). The Rio Moquino becomes part of
the Rio Paguate near the center of the mine. The Rio Paguate flows southeastward into
Paguate Reservoir about 3 miles south of the southern mine boundary, then joins the Rio
San Jose (altitude 5,700 feet) about | mile south of where the Rio Paguate enters the
reservoir. The Rio San Jose, the main stream in the Laguna areq, flows into the Rio
Puerco about 25 miles southeast of its confluence with the Rio Paguate.
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Figure 2.--Annual precipitation and cumulative departure from normal

precipitation in the Laguna area.

Climate

The climate of northwestern New Mexico is characterized by minimal precipitation
and significant evapotranspiration. Precipitation data were used from three stations
operated by the U.S. Department of Commerce in the Laguna area. The stations (fig. 2)
are located at the following towns: Laguna, about 7 miles south of the Jackpile mine at
an altitude of 5,800 feet; San Fidel, about 12 miles west of Laguna at an altitude of 6,100
feet; and Marquez, about I3 miles north of the Jackpile mine at an altitude of 7,800
feet. Climatic data from a long-term station at Los Lunas also were used because
several years of pan-evaporation data are available for the station. Los Lunas is located

about 45 miles southeast of the Jackpile mine in the Rio Grande valley at an altitude of
4,800 feet.

Annual precipitation and years of record are shown in table I. The annual
precipitation generally is less than |5 inches, but quite variable. For example, the range
for Laguna is from .96 inches (1956) to 18.42 inches (1941).

Mean monthly and mean annual precipitation at the four stations are presented in
table 2. Only complete years of record were used in computing monthly means. About
60 percent of the precipitation occurs during the 5 months from May through September,
with the greatest precipitation during July, August, and September. Mean annual
precipitation is similar at Laguna and San Fidel. Precipitation at these two stations is
about |5 percent greater than at Los Lunas and about 20 percent less than at Marquez.

All data from the Laguna station were used for plotting cumulative departure from
mean annual precipitation after 1919 (fig. 2). Some data from other stations were used
for years of incomplete record at Laguna. Mostly, data from San Fidel were used to fill
in gaps of missing record, but precipitation at Los Lunas and Marquez was used for some
years. The |5- to 20-percent differences between the data from Laguna and from Los
Lunas-Marquez and the few years of data used from the latter stations are assumed to
intfroduce negligible error in cumulative departure for the Laguna area. Monthly data
from Laguna and Marquez were combined to obtain a total of [3.67 inches for 1948.

A 9.54-inch normal was used for 1919-80. This is considered a reasonable
approximation for the Laguna area because mean annual precipitation at Laguna is 9.48
inches and the mean for all values on the cumulative departure plot is 9.54 inches.
Departure from normal in 1919 is assumed to be zero (fig. 2).

Precipitation frequencies (table 3) range, on average, from 1.2 inches per 24 hours
every 2 years to as much as 2.8 inches per 24 hours every 100 years.

Monthly pan evaporation at Laguna is shown in table 4, and that at Los Lunas is
shown in table 5. Mean monthly pan evaporation ranged from about 0.5 to about 2 inches
more during April through November at Laguna than at Los Lunas. Maximum differences
are only 16 percent between monthly means, however, with differences for most months
less than 8 percent. In this report, the mean annual pan evaporation at Laguna is
assumed equal to that at Los LLunas, which is about 76 inches More than 60 percent of
annual pan evaporation occurs during May through September. Months of greatest
evaporation correspond to months of greatest precipitation.




Table l.-——Annual precipitation at four stations near the Jackpile mine Table 2.--Mean monthly and mean annual precipitation at four stations

[ All values are in inches. Data from New Mexico State Engineer Office (1956) near the Jackpile mine

and annual publications of precipitation data by the U.S. Department of Commerce ] [ A1l walugsare in fiches. Biata from Mew iexica Stats Engihicer OFF
A ice

San Los San Los (1956) and annual publications of precipitation data by
Year Lagunol—/ Fidel Marquez Lunas Year Laguna Fidel Marquez Lunas the U.S. Department of Commerce |
1891 - - - 16.37 1936 7.88 8.90 - Sul3 )
1892 . . . 6.11 1937 8.59 7.86 . 7.72 Station Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Annual
1893 - - - 8.40 1938 7.55 8.53 - 4.67
1894 - - - 4,55 19339 237 12.34 -- 7.70
1895 . . - - 1940 13.54 14.9] - 11.08 Laguna 0.36 0.47 0.43 0.39 0.60 0.60 1.74 1.73 1.40 0.92 0.34 0.50 9.48
1896 - - -- 7.65 1941 18.42  22.64 -- - .
1897 . . - . 1942 6.00 6.3l 10.38 _— San Fidel 24 0 .37 .39 .22 4 36 1.45 2,12 1.29 .29 .24 .44 9.36
1898 - - -- - 1943 8.43 9.38 15.51 -
1899 . _ _ . 1944 1110 - 14.55 . Marquez 57 .29 .50 .73 .63 .79 1.56 2.95 1.22 .81 .54 .65 11.22
{900 -- - - 8.05 1945 4.43 - 9.69  --
1901 . . o s 1946 - - 10.85 - LosLunas .35 .32 .45 .47 .58 .56 LIl 1.50 I.11 89 31 .42 8.06
1902 - - - -- 1947 - -- 13.46  --
1903 -- - -- - 1948 -- - - --
1904 — - - 10.45 1949 8.14 — 13.12 - Table 3.-Precipitation frequencies in the Jackpile mine area
1905 - - - - 1950 4.03 - 5:22 523
1906 13.05 - - 11.67 1951 4,75 5.82 8.95  4.80 [ All values are in inches. Data from the U.S. Department
1907 - -- - 15.85 1952 6.46 8.90 12.32  6.34 of Commerce (1967) ]
1908 8.35 - - 5.27 1953 3.73 6.36 9.64  --
| 1909 10.60 -- - 4,25 1954 8.21 8.72 10.95 -
} 1910 9.08 = - - 1955 7.25 6.78 912  7.89 2- 5- 10- 25- 50-  100- 5= 10- 25- 50- 100-
91l 12.90 = —_ 11.57 1956 .96 - 5.21 2.87 year, vyear, year, Yyear, yedr, ear, ear ear ear
1912 = - = 5.47 1957  13.12  10.39  19.56  8.18 24- 24— 24~ 24~ 24- >,24- ys-’ ys-’ Ys_’ -
1913 8.68 . - 7.77 1958 8.72 9.27 16.05 6.25 hour hour hour hour hour hour hour hour hour hour hour
1914 - - - 10.21 1959 10.74 19.07 12.70  8.74
(915 - - - 12.13 1960 6.28 8.49 12.27  7.71
1916 - — = 10.14 196l 8.53 8.61 13.08 8.26 |2 1.6 1.9 2.3 2.6 2.8 [.3 1.6 1.8 2.1 2.2
1917 -- -- -- 2:.15 1962 2.19 7:85 IL73 636
1918 - - - 9.94 1963 7.63 8.10 9.12 6.34
1919 - - - 10.84 1964 10.30 7.72 9.45  6.34 Table 4.--Monthly pan evaporation at Laguna
1920 13.81 - - 6.27 1965 10.92 - 13.14  10.17 “
1921 —_— 10.35 - 9.26 1966 8.67 7.91 7.90 5.50 [ All values are in inches. Data obtained from annual publications
1922 - 3.15 — 3.24 1967 8.86 10.16 13.37 8.93 by the U.S. Department of Commerce ]
1923 - 15.89 - 9.07 1968 7.83 7.83 7.00  8.43
1924 — 4,93 - 5.83 1969 15.44 10.16 12.67 10.31
1925 - 8.55 == 8.37 1970  -- 7.70  6.56  5.90 Year  Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.
1926 - 10.78 - 8.11 1971 8.69 7.8l 7.18 7.83
1927 8.66 13.06 - 9.40 1972 13.74 13.54 [Lag  13.37
1928 8.65 1110 - 10.26 1973 8.17 754 8.59 10.17 1974 — -- - -- -- 12,54 10.90 8.92 690 3.78 -- .
1929 129 1225 = 14.07 1974  10.40  10.16 8.17 11.12 R = 13.09 10.19 978 = <= .= --
1930 7.14 7.95 -- 5.08 1975 1,92 8.84 - 5.99 1976  -- - -- 8.76 11.26 13.09 11.52 9.59 588 536 -- =
1931 - 14.68 - 10.44 1976 7.95 - - 5.42 1977 - - - - 10.89 11.22 10.31 9.56 6.77 5.56 -- =i
1932 = 12.83 s 10.15 1977 11.57 — == 8.18 1978 -- -- -- 9.33 9.83 12.79 11.98 9.77 7.24 592 220 --
@ 1933 14.64 [1.98 - 7.30 1978 10.65 - - 9.5
S 1934 - 7.23 - 4.34 1979 10.36 -- - 8.19 Mean  -- -— - 9.05 10.66 12.55 10.98 9.52 6.70 5.16 2.20 --
S 1935 - 13.93 - 6.07 1980 8.66 - - 7.53
Tlprecipitation recorded prior to 1891: 1850 = 9.69 inches and 1851 = 15.12 inches. 9
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Table 5.--Monthly pan evaporation at Los Lunas

[ All values are in inches. Sum of monthly means from
all data is 75.52 inches. Data obtained from annual
publications by the U.S. Department of Commerce ]

Year Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

1962  -- -- - -~ - - - - 6.79 5.00 -- --
1963  -- - -- 10.34 10.96 [1.63 11.25 9.87 7.49 4.6l -- -
1964  -- - - 8.13 12.13 12.83 11.17 9.89 6.66 ~-- - -
1965  -- - - 8.24 10.82 10.23 10.99 9.02 7.12 492 -- -
1966  -- . 5.70 9.04 11.81 11.39 10.28 9.70 6.39 5.40 -- --
1967  -- - 7.02  9.64 10.47 11.00 10.41 7.88 6.36 5.90 -- -
1968  -- - - 9.19 10.24 13.55 12.07 9.91 7.62 5.0 -- -
1969  -- - 4.00 6.22 9.07 10.77 9.30 11.29 4.91 487 1.8 -
1970 - -- 4.94 10.47 10.53 10.29 9.48 9.73  6.90 2.77 -- -
1971 -- -- - 8.27 8.58 I1.47 12.07 9.37 7.52 3.0l -- -
1972 -- - - '7.96 8.23 9.74 10.84 9.22  6.60 2.57 -- -
1973 -- - 2.48 3.79 8.33 10.64 9.73 9.39  6.68 454 - -
1974 - -- 7.17 8.20 10.30 11.91 [11.07 8.3! - 4.59 2.57 -
1975 - - 5.64 7.89 9.09 9.53 840 9.5 - 5.56 -- -
1976  -- - - 7.94 9.32 10.72 9.94 8,50 6.00 4.66 3.04  --
1977 - 2.79 5.75 6.75 9.82 10.18 9.83 9.07 5.88 4.76 3.47 53
1978  2.00 2.99 5.01 899 9.01 10.38 9.90 9.96 7.45 471 2.02 --
Meant/ 2.00 2.89 5.31 8.19 9.92 [1.02 10.42 9.39  6.69 4.56 2.60  2.53
Mean2! - -~ - 8.47 9.38 10.54 9.83 9.00 6.44 4.86 2.07 B

1y All months of record, with single values assumed equal to mean.
2/ Only months for which data also were obtained at Laguna.
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SURFACE WATER

Streamflow data were collected on the Rio Paguate upstream from the village of
Paguate (referred to as Paguate Creek near Laguna) from March 1937 through September
1941 and at the southern boundary of the Jackpile mine near Laguna from March 1976
through September 1980 (fig. 1). Discharge was not measured on the Rio Moquino.

A summary of the discharge data by water years (October through September) is

shown in table 6. Mean monthly and mean annual discharge are given in Supplemental
Information.

Table 6.-—-Summary of discharge data for Rio Paguate upstream from Paguate
(water years 1938-41) and Rio Paguate at the southern boundary
of the mine near Laguna (water years 1977-80)

[ All values are in cubic feet per second except as indicated ]

. Total
Water Maxn_mum Mean Minimum (cubic feet
year daily daily daily per second-days)
1938 - 0.99 0.20 1341

1939 - .02 .40 1/377

1940 = .02 .30 1/372

194 o 3.80 .40 171387

1977 34 |.48 .04 539.07
1978 42 .08 .07 394.03
1979 [4 .33 .06 485.94
1980 42 .87 .00 316.66
Mean for

1938-41 - 1.71 .32 623

Mean for

1977-80 33 1.19 .04 433.93

1 Approximated by multiplying mean daily discharge by 365 days.

The mean daily discharge for water years 1938-41 at the gaging station upstream
from Paguate was .71 cubic feet per second. The value is affected considerably by the
unusually large discharge during water year 1941. Precipitation for calendar year 1941
was the greatest recorded at Laguna and caused the anomalously large discharge value.
The Rio Paguate usually flows all year. It is occasionally dry at the gaging station at the
southern boundary of the Jackpile mine, as shown by the minimum daily discharge in

table 6. The mean daily discharge for water years 1977-80 at the southern station was
I.19 cubic feet per second.

The stream disthrge is only about 2 percent of the precipitation in the Rio
Paguate drainage basin, as will be discussed in the "Water Balance" section of this
report. This illustrates the extremely large evapotranspiration in the area.
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Base Flow

In humid areas, ground-water discharge to streams (base flow) generally is
determined by computing a constant slope from the decreasing limb of the discharge plot
(recession), then using this slope as a control for estimating base flow during recessions.
In the arid Rio Paguate drainage basin, floods are infrequent during winter months, so
that most discharge is base flow during this time. More frequent floods in summer are
caused by thunderstorms that are intense, but of short duration. The recessions are,
therefore, rapid. Their slopes are difficult to determine, not constant, and not
completely controlled by ground-water discharge.

Ground-water gradients near the streams are reversed (hydraulic head is greater in
the stream than in the adjacent aquifer) when the stream stage rises and during the early
part of the recession. Base flow during this time is zero. The stream may, in fact, be
losing water to bank storage. Base flow at the Rio Paguate gaging station was
approximated by assuming there is no ground-water discharge during the entire rising and
receding stages of the stream. The method is similar to that described by Daniel and
others (1970).

Ground-water discharge during recessions was not taken into account for the Rio
Paguate, so base-flow values may be too small. The error probably is not significant
however, because: (!) Discharge during much of the receding stage of summer floods is
low, compared to greater, predominantly base-flow periods in winter; and (2) some of the
discharge during receding stages is from temporary ground-water storage very near the
stream (bank storage), whereas the flow of primary interest in this study is the regional
ground-water discharge to the stream.

Most base flow to the Rio Paguate occurs during winter (table 7) and constitutes a
large percent of the total flow in the Rio Paguate. Base flow was 5| percent of total
flow in water year 1977, 56 percent in 1978, 35 percent in 1979, and 60 percent in 1980.

Table 7.--Monthly and annual base flow in Rio Paguate below Jackpile mine
near Laguna

[Al'l values are in cubic feet per second-dqys]

Flood Frequency

Flood frequencies were estimated at three locations near the Jackpile mine: on the Rio
Paguate 500 feet upstream from the northwest mine-lease boundary; on the Rio Mogquino 1,500
feet downstream from the northern mine-lease boundary; and on the Rio Paguate 400 feet
upstream from the gaging station near the- southern mine-lease boundary. Streamflow data
from the gaging station were used to estimate flood frequency by use of the U.S. Geological
Survey flood-flow-frequency program (J407). Two other methods were used for all locations:
the basin-characteristics method described by Thomas and Gold (1982), and the channel-
geometry method described by Scott and Kunkler (1976).

Measurements for use in the flood-frequency methods are given in table 8. Peak
discharges were determined for recurrence intervals of 5, 10, 25, 50, 100, 200, and 500 years
(table 9). Flood frequencies obtained by using the channel-geometry method are, on average,
about three times less than those obtained using the basin-characteristics method. Those values
obtained by the latter method are probably more accurate than those from the channel-
geometry method because standard estimates of error are smaller for the method, and values
obtained by the basin-characteristics method more closely approximate those obtained by use of
streamflow data in the flood-frequency program.

Table 8.--Measurements used for estimating flood frequency in the Jackpile
mine area

Water

year Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. Annual

1977 18.5 29.7 34.1 29.
1978 14.1 16.3 29.3 40.
1979  3.84 12.3 9.5 1l.1
1980 8.56 l6.4 7.4 26.7

7 46.1 18.5 38.1 13.8 0.48 0.63 9.10 277
4 43.1 24,1 19.4 7.50 .77 |.46 2.84 221
.0 9.7 40,8 28.4 12.9 1.91 4.39 10.6 171
3 55.9 23.7 5.883.11 .33 .08 .43 190

Mean 1.2 18.7 25.1 26.9 26.8 38.7 268 229 9.33 0.87 |.64 574 215

Active channel Contributing drainage Site
width area altitude

Location (feet) (square miles) (feet)
Rio Paguate upstream 10 30.8 6,070
from Jackpile mine

Rio Moquino upstream 12 68.6 6,000
from Jackpile mine

Rio Paguate downstream 20 107 5,820

from Jackpile mine

The mean of 215 cubic feet per second-day is equivalent to about 426 acre-feet per
year or a continuous mean daily discharge of 0.6 cubic foot per second.

12
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Table 9.--Fload frequencies at three locations in the Jackpile mine area

Discharge by flood- Discharge by basin-

Recurrence frequency program characteristics method geometry method
interval (cubic feet (cubic feet (cubic feet
(years) per second) per second) per second)

Rio Paguate upstream from Jackpile mine

5 s 762 208
10 s 1,180 337
25 ) 1,890 558
50 N 2,590 774

100 - 3,370 1,000
200 - 4,260 1,300
500 - " 5,780 1,800

Rio Moquino upstream from Jackpile mine

5 N 1,140 276
10 - 1,740 442
25 - 2,730 722
50 - 3,700 993

100 - 4,780 1,300
200 » 5,990 1,700
500 o 8,030 2,500

Rio Paguate downstream from Jackpile mine

5 1,810 1,520 609
10 2,710 2,310 946
25 4,150 3,610 1,490
50 5,450 4,880 2,000

100 6,940 6,290 2,600
200 8,670 7,860 3,300
500 11,300 10,500 4,400

The estimates of flood frequencies may prove useful for design of structures such
as road culverts during reclamation of the Jackpile mine. Flood-prone areas could be
outlined by using the flood-frequency values. The areas are partly dependent on existing
structures in the mine, however, and probably would be changed considerably during
reclamation of roads, culverts, and other stream constrictions such as waste piles
presently in the channels.

Discharge by channel-

Ponding at Waste Piles

An unnamed valley on the east side of Gavilan Mesa is blocked by waste-rock
dumps C, D, E, F, and G (pl. 1). Overland runoff occasionally ponds at the base of the
dumps. The ponded water may, therefore, infiltrate both the valley alluvium and the
waste rock. The expected depths of water in the pond are discussed in this section.

The initial depths of ponded water after floods were computed by deriving a stage-
capacity curve (fig. 3) from a topographic map, then determining discharge in the valley
using the streamflow-characteristics method described by Borland (1970). The pertinent
factors relating to streamflow characteristics in the unnamed valley and their
corresponding values are: drainage area, 0.97 square mile; precipitation from October
through April, 3 inches; longitude, [07 degrees 10 minutes; soils infiltration index, 8.5;
and mean basin altitude, 6,070 feet.

Flood volumes and depths of ponded water are shown in table 10 for different
recurrence intervals. Maximum depth is 3.9 feet for a flood flow of | day at a
recurrence interval of 50 years. Depths are less than 2 feet for most flow periods and
recurrence intervals.

6000

IN FEET

5999

5998

5997

ALTITUDE ABOVE SEA LEVEL,

5996 ! 1 L L L L
o} I 2 3 4 5 6 ig

CAPACITY, IN ACRE-FEET

Figure 3.--Stage-capacity curve for the ponding area near waste dumps

C, D, E, F, and G at the Jackpile mine.



61820005¢

Table 10.--Flood volumes and depths of ponded water in valley at east side
of Gavilan Mesa

Floods and Volume Altitude of Depth of

recurrencﬁ (cubic feet per Volume SEl/ water level water

intervals~ second-days) (acre-feet) (percent) (feet) (feet)
Fl1.2 0.29 0.6 59 5,996.6 0.6
Fi ’5 .84 By 53 5,997.6 1.6
F1'10 .31 2.6 55 5,998.2 2.2
Fi ’25 2,13 4,2 60 5,999.2 3.2
F|:50 2.90 5.8 66 5,299.9 3.9
F3.2 12 2 62 5,996.2 ol
F3’5 34 od 56 5,996.7 i
F3’|0 Sh l.1 55 5,997.1 lxl
F3l95 -88 1.7 56 5,997.6 1.6
F3: 50 .17 2.3 60 5,998.0 2.0
F7.2 .06 | 61 5,996.1 ol
F7’5 oS 3 58 5,996.3 3
F7’IO 24 5 56 5,996.5 o)
F7'25 .37 ol 56 5,996.7 7
F7:50 A48 1.0 59 5,991.0 1.0

1/ Fp. m is flood volume for flow period n, at recurrence interval m: for
2/ eXample, F|.2 means flood volume for | day at 2-year recurrence interval.
£/ Standard errdr of estimate.

Yield and Deposition of Sediment at Paguate Reservoir

Sediment has nearly filled the Paguate Reservoir (fig. 1) since construction of the
dam in 1940. At present, ponding occurs only in the immediate vicinity of the dam and
spillway. The Pueblo of Laguna is concerned that operation of the Jackpile mine may
have increased the volume of sediment deposited in the reservoir. Three principal
factors affecting reservoir sedimentation are the rate of sediment transport, the rate of
sediment deposition, and the trap efficiency (proportion of sediment inflow retained by
the reservoir).

Dames and Moore (written commun., 1980) used sediment volume and rates of
sediment deposition, as determined from topographic maps made at different times, to
evaluate the effect of the Jackpile mine on sedimentation in the Paguate Reservoir. The
mean rates of deposition computed were 71 acre-feet per year from 1940 to 1949 and 22
acre-feet per year from 1949 to 1980. Based on the latter rate, the volume of sediment
deposited since mining began in 1953 until 1980 is about 620 acre-feet. This is 47
percent of the total 1,333 acre-feet of sediment accumulated.

6
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